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 Abstract 
The impact of increased wind power on the steady state and dynamic behavior of the Ethiopian 
power system is the main focus of this thesis. The integration of wind power to the existing grid 
with conventional generators introduces new set of challenges regarding system security and 
operational planning, the main cause of the difference arising from the uncertainty of the primary 
source of energy and the response time following a disturbance.  
For incorporating wind turbine models into the overall dynamic model of the system and 
investigating the effect of wind on the dynamic behavior of the wind first models of wind turbine 
components were put together by reviewing the current state of the art in wind turbine modeling 
and control concepts. The theoretical insight thus gained was applied to the Ethiopian power 
system as a case study. Since the models of the installed turbines were either not available or 
incomplete, an alternative modeling approach based on generic models was adopted. 
The generic model, in addition to obviating the need for technology or manufacturer specific 
models, reduces the complexity the dynamic model. Using this procedure, generic dynamic 
models for wind farm in the system were developed. The capability of dynamic models to 
reproduce the dynamic response of the system has been verified by comparing simulation results 
obtained with a detailed and generic wind farm model. It could be shown that the generic wind 
turbine model is simple, but accurate enough to represent any wind turbine types or entire wind 
farms for power system stability analysis. 
The next task was the study of the effect of increased wind power level on the general behavior 
of the Ethiopian system. It is observed that overall the impact of wind turbines on the operational 
indices of the system was –as could be expected- more pronounced in the vicinity of the wind 
farm. But the power angle oscillation following a disturbance was observed across the whole 
system. Further, as a result of the decoupling of the mechanical rotor of the wind turbine grid and 
the reduction of the overall system inertia as a result, the oscillation of generators becomes more 
pronounced as more and more conventional generators are replaced by wind turbines. It is 
observed that the critical fault clearing time slowly decrease with an increase in wind power 
level indicating insignificant degradation of system security in the system.  
  ii 
In the subsequent stage investigations were performed regarding the small signal (dynamic) 
stability of the system as the share of wind increases by computing the eigenvalue spectrum of 
the system. The following general conclusions can be deduced from the analysis: 
 The effect of replacing conventional generators by wind turbines as regards the small 
signal behavior of the system as reflected by the damping behavior of the dominant Beles 
hydropower plant unit (BEL) can be characterized as minor. 
 The same conclusion can be reached regarding load changes in steady state. The impact 
of system load levels with no wind power and with maximum wind generation on the 
damping performance of the system suggests that the damping performance of the system 
is not significantly affected either by the level of system load or the amount of wind 
generation. 
 On the basis of these investigations, it can be concluded that the integration of large scale 
wind generation does not appear to affect the overall small signal stability of the 
Ethiopian power system. 
Finally, with the increasing level of penetration of wind, the need for establishing a standard 
operating practice such as grid code for wind turbines becomes obvious. Based on the detailed 
study performed in this research and the experiences of other countries a new Ethiopian wind 
grid code has been proposed 
 Nomenclature 
Abbreviations 
DFIG   Doubly-fed induction generator 
FSIG   Fixed speed induction generator 
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l   Inductance [p.u.] 
     Angular velocity of the rotating frame [p.u.] 
t   time [s] 
       Parameters of the wind turbine geometry 
p   Complex frequency 
T   Time constant 
TD   Damping torque [p.u.] 
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Subscripts 
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m   Mechanical quantity 
e   Electrical quantity 
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d, q   Direct, quadrature axis component 
h   Main field quantity 
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Superscripts 
∠    Arbitrary coordinate system 
∠K   Arbitrary reference frame rotating at the speed    
∠     Reference frame aligned to grid voltage 
∠     Reference frame aligned to stator voltage 
´   Transient variable 
*   Conjugate complex quantity        
 1. Introduction 
The energy sector in Ethiopia, like in most developing African countries, is dominated by 
traditional energy sources. Electricity supply is mostly restricted to urban areas, and the majority 
of the rural population has still little access to electric energy. The government of Ethiopia has 
made strenuous efforts for the development of energy sector. As a result, the generation capacity 
increased from a few hundred megawatts just a decade back to 2,140 MW now. Currently the 
country has embarked on a huge power sector investment plan to increase the installed capacity 
to 10 GW in the next few years. This includes the two main hydro projects, namely the Grand 
Ethiopian Renaissance Dam on the Blue Nile with installed capacity of 6,000 MW and the Gibe 
III hydro power plant on the Omo River with installed capacity of 1,870 MW [1]. The integration 
of about 800 MW of wind power (a portion of which is the focus of this thesis), is also part of the 
overall development plan in the power sector.  
In light of the envisaged goal of 10 GW generation capacities by the year 2015, the extensive 
development of wind generation is set to play a key role. This is particularly so since wind and 
hydro resources in Ethiopia are thought to be complementary to each other. However, the 
fluctuating nature of wind generation coupled with the small size of the overall installed capacity 
the share of wind in relation to other forms of electricity generation and the level of reliance on it 
has to be carefully balanced in order not to jeopardize stable and secure operation of the system.  
With this in mind the focus of this thesis is the study of the impact of wind on the Ethiopian 
interconnected system. The initial phase of the research was devoted to collecting and collating 
the worldwide experiences to date dealing with the integration of wind. Many projects around 
the world with integration of large wind farms, which resulted in drastic increase of amount grid-
connected wind power has occurred during last few years and the tendency points towards 
further increase the level of wind power penetration worldwide in the near future. According to 
the Wind Power - data base for wind turbines and wind farms [2] and Global Wind Energy 
Commission [3], installed wind power for China was 75564 MW, USA 60007 MW, Germany 
31332 MW, Spain 22796 MW and India was 18421 MW at the end of 2012. Wind was 
considered a non-conventional energy playing a marginal role just a couple of decades ago, now 
installations of wind power are to be found in most parts of the world and in all continents. For 
developing countries, the emergence of wind power has opened up new perspectives for 
electrification of un-served areas in decentralized, including off-grid applications.  
C h a p t e r  1  
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Experiences to date indicate that wind power has both positive and negative impacts on power 
system dynamics. On the one hand, modern wind turbines come with power electronic 
converters with fast acting controllers, which provide control options and speed of response that 
are normally not available in conventional synchronous machine based generation plants. The 
downside of the fast response and the physical presence of converters between the wind turbine 
and the grid is that this configuration has the effect of reducing the overall inertia of the system 
by effectively shielding the machine’s rotating masses from the grid. As is well known, the 
immediate effect on conventional synchronous machines of any change in frequency caused by a 
disturbance in the grid is the increase or decrease in the kinetic energy of the rotating masses 
until the rate of change of frequency becomes zero. With the absence or reduction of the inertia 
as a medium of energy storage, converter based wind turbines are capable of only limited or no 
inherent inertial response. With the current trend of ever-increasing wind installations, it 
becomes necessary to understand whether there is a level of wind generation beyond which 
significant changes in system performance or other operational difficulties emerge, or more 
pointedly whether there is a fundamental limit to installed wind capacity. As a result, to what 
extent the critical stability mechanisms in power system, particularly the system under 
consideration, are affected by the presence of wind power will be part of this research. 
The unique feature of the system considered in this thesis is that the wind farm is connected to 
the system through an overhead line specifically designed for the transport of the wind farm 
output and several hundred kilometers long and thus representing a weak link to the grid. The 
task now is to adapt the experiences to be found in professional literature dealing mostly with 
large offshore and onshore wind farms feeding in to large networks and corroborate them with 
appropriate simulation studies. Additionally, uncertainty in wind speed forecasting coupled with 
the increasing penetration together with the new set of challenges regarding plant interconnection 
and integration as well as power balancing, the provision of ancillary services and overall system 
security. 
   This thesis attempts to provide a detailed study on the effect of wind on steady state and 
dynamic behavior of the power system which can be considered as a weak grid in general and 
then with particular emphasis on the Ethiopian power system (EPS). First, the current state of the 
art in wind turbine modeling and control concepts are reviewed, followed by the description of 
some salient features of wind farms operating on weak grid at a conceptual level. The theoretical 
C h a p t e r  1  
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insight thus gained is applied to the wind farms in Ethiopia, - projects, which are currently under 
implementation in different parts of the country. The objective is to assess whether the wind 
farms once completed and connected to the grid will be able to contend with possible post fault 
voltage recovery processes in the event of faults at critical locations or whether active voltage 
controlling devices might be needed to enhance the safety margin and preclude a voltage 
collapse following a grid fault.  
Typical detailed studies in power system require an extensive data set of a system sometimes 
spanning transnational boundaries, often operated by different transmission system operators and 
incorporating wind turbines of multiple manufacturers and technologies. Manufacturer-specific 
models, if available, are bound to give more accurate results.  But apart from the fact that they 
are not always easy to come by, the effort required to put together such an extensive dataset for 
the simulation makes this approach impractical.   
For preliminary system studies to estimate the broader impact of the wind farm on the system, 
therefore, the current trend points to the use of open source generic models with parameters that 
can be calibrated to conform to any given technology or topology. Moreover, using the generic 
model will significantly reduce simulation time without compromising the accuracy of the results 
in comparison to the detailed model. Since the model is simplified to represent only the 
phenomena affecting the power system stability, it avoids the necessity of representation of 
specific control schemas or parameters of the wind turbine.  
In this thesis the generic wind turbine model is applied for the Ethiopian power system stability 
studies which is not only simple and accurate enough but is also applicable to any modern wind 
turbine types and entire wind farms as well. However, the model parameters cannot be calculated 
directly but need identification methods based on measurements or detailed simulation results. 
To perform this task a heuristic optimization based new algorithm called Mean Variance 
Mapping Optimization (MVMO) is used which has been developed and introduced by the 
Department of Power Systems, University of Duisburg- Essen [4]. 
The impact of wind power on transient stability of the Ethiopian power system is investigated 
using the generic model developed. First, the impact of wind power penetration level on power 
system stability is investigated and then the effect of large scale wind power integration on 
dynamic behavior of the Ethiopian power system is studied. 
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Until recently, the capacity of wind farms connected to the grid as well as the penetration levels 
were comparatively small and connections were made mainly in the distribution voltage level. In 
such studies, wind turbines are considered as negative loads and are not expected to contribute to 
the control of power system voltage or frequency. Moreover, wind farms are allowed to 
disconnect from the grid during abnormal operating conditions.  
Due to the increasing wind power penetration levels, however this situation could not be 
sustained. Wind farms are now required to fulfill specific technical requirements usually as spelt 
out in the respective grid codes issued by the transmission system operators. These requirements 
typically apply to large wind farms, connected to the transmission system, rather than smaller 
stations connected to the distribution network. The main requirements that grid codes require 
include Fault Ride-Through (FRT) capability, extended system voltage and frequency control, as 
well as reactive power/ power factor or voltage regulation capabilities. The most important 
requirement among the above is the fault ride-through requirement.  
When a fault occurs in some part of the grid, the voltage on the faulted phases will decrease or 
even become zero. Large voltage dip would be experienced across large areas on the 
transmission system until the fault is cleared. Extensive study has been performed to study how 
faults in the grid may affect wide areas and the response of the wind farms to such faults. 
Reactive power demand of induction generators increase during periods of voltage dips to the 
extent that the system voltage may further be decreased. This in turn hampers voltage recovery 
after the fault has been removed. If any sustained fault forces wind generators to disconnect, 
there will be a mismatch between generated and consumed power and the frequency will drop. In 
the absence of some appropriate counter measures such as enough spinning reserve, this may 
result in black-out. If wind farms are not able to ride-through voltage dips, the transmission 
system needs a higher spinning reserve. The spinning reserve requires that some generators 
operate below their optimal point, which ends up causing higher losses and an increased 
operational cost. Therefore, it is an essential requirement that wind farms are able to remain 
connected to the system during transmission system faults [5], [6]. 
One of the objectives of this thesis is to emphasize the necessity for the establishment of grid 
code for wind farm connections, primarily fault-ride through capability in the Ethiopian 
electricity transmission network. It is also to recommend some set of rules and obligations to 
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which the developers must comply with in order to connect wind farms of significant capacity 
with the Ethiopian power system. 
1.1 Objective of the research 
The objectives of this research can in brief be summarized as follows: 
 Comprehensive study of the impact of large wind farms, particularly operating on 
weak grids.  
 Study of the characteristic behavior of wind farm in weak grid such as the Ethiopian 
power system.  
 Review the current state of the art in wind turbine modeling and control concepts in 
grid parallel operation. 
 Development of wind turbine generic wind farm model for wind power impact 
assessment in the Ethiopian grid during steady state and contingency situations 
 Investigate the impact of increasing wind power penetration level on the dynamics, 
particularly the transient stability performance of Ethiopian power system. 
 Review the connection requirement for the integration of large wind farms to the 
Ethiopian grid without affecting the quality and stability of the power system  
 Propose the development of wind grid code which can serve to incorporate large 
wind farms to the Ethiopian power system.  
1.2 Thesis outline 
The thesis starts with a general introduction of the topic in chapter 1 which presents an overview 
of the integration of wind farms to the Ethiopian power system by providing basic concept of 
each chapter to follow. The objective of the research and the simulation software used for this 
research are described in this chapter. 
Chapter 2 gives an overview about the energy situation of Ethiopia and illustrates the 
performance of the Ethiopian power system. Further, this chapter introduces the geographical 
location of the study area and provides a brief description about the Ethiopian power systems. 
The wind situation and potential for wind energy generation in Ethiopia are discussed in detail. 
Chapter 3 deals with the modeling of wind turbines to enable their incorporation in power 
system dynamics simulations and facilitates the study of their impact on power system dynamics. 
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This includes the modeling of most relevant components, such as turbine aerodynamics, 
mechanical drive train, generator, frequency converter and the dc link and chopper model. 
Chapter 4 discusses the development of dynamic equivalent model for a wind farm and its 
application in transient stability studies. The basic steps for the derivation of a generic wind 
turbine model are summarized and a simplified generic wind farm dynamic equivalent is 
introduced. The parameters of the model are determined using a heuristic parameter 
identification technique called mean variance mapping optimization. Using sample simulation 
results of both the detailed and the generic model, the suitability of the generic model and the 
associated parameter identification method is evaluated. The model derived in this method is 
then applied for the study of the steady state as well as the dynamic performance of the Ethiopian 
wind farm. 
Chapter 5 focuses on the study of the impacts of increasing level of wind generation to the 
Ethiopian power system. This provides an overview of the effect of wind on steady state and 
dynamic behavior of the interconnected power systems including wind turbines. In the first part 
of this chapter using the generic model of a variable speed wind turbine discussed in the 
preceding chapter the transient stability performance of the system was studied. A symmetrical 
three-phase fault of 150 ms duration was introduced at two selected buses and the output power 
of the wind turbine is increased in stages from zero all the way to the rated value. The resulting 
simulation results are presented and discussed. 
The second part of this chapter investigates the effects of large scale wind power integration on 
the Ethiopian power system by considering both time response simulation and eigenvalue 
analysis to establish basic transient and dynamic stability characteristics of the system including 
a significant wind component. Based on the results of the small signal and the damping 
performance of the system under three different wind farm integration scenarios has been 
discussed. 
Chapter 6 highlights the importance of the introduction of grid code for the Ethiopian wind 
farms. A review of grid code requirements in countries with significant experience in wind 
integration has been provided and based on simulation results the boundary conditions that need 
to be fulfilled have been identified Finally, Ethiopian wind farm grid code is proposed based on 
simulation tests and experiences elsewhere. 
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Finally Chapter 7 presents conclusions in which the results are discussed and possible areas of 
further research identified. 
1.3 Simulation software 
All simulations presented in this thesis have been carried out using Power System Dynamics 
(PSD) software system, which is developed for research in Power System Department of the 
University of Duisburg-Essen by Prof. Dr.-Ing. habil. István Erlich. This software enables the 
simulation of electromagnetic and electromechanical transients and dynamic characteristic of the 
electrical power system by using step-by-step solution of the differential and algebraic equations 
describing the given system. Components of the electrical power system such as: electrical 
machines (both synchronous and asynchronous), transformers, transmission lines, FACTS 
elements, HVDC, compensation devices and series and shunt elements can be included in the 
simulation. Moreover machine associated controls such as excitations, governors and loads can 
be modeled and prepared for simulation according to pre-specified data format and are stored in 
the data file. In addition to the classical simulation in time domain, the PSD offers the possibility 
of studying the system in the frequency domain. Accordingly without the need for an additional 
data preparation the eigenvalue and the eigenvector can be computed and the eigenvalue 
sensitivity of the system can be studied. The features of PSD were also expanded for the 
simulation of the transient and dynamic behavior of wind turbines and wind farms operating on 
an interconnected system [7]. 
 2. Wind power in the Ethiopian grid 
2.1 Overview of the Ethiopian power grid 
Ethiopia with an estimated population of 84 million and 113 million hectares of landmass is one 
of the Horn of African countries located between 33° and 48° East longitudes and between 3° 
and 8° North latitude. It has diverse climatic condition due to the contrasting altitude, which 
ranges from the highest point of 4620 meters above sea level at Ras Dashen Mountain to 420 
meters below sea level at Dallol depression.  
Geographically, the Ethiopian power grid stretches out from the north to south and from east to 
west of the country (Figure 2-1). The Ethiopian transmission grid has currently two international 
connections, one to the grid of Republic of Djibouti and the other to the Sudan. A contract 
agreement has been signed for a more powerful interconnection to Kenya and the South Sudan 
which is expected to be put into effect within the coming few years.  
.  
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Figure 2-1  Ethiopian transmission grid, future and present 
2.1.1 Grid layout 
The Ethiopian Electric Power Corporation which is a state-run power company is the sole owner 
and operator of the electricity industry in Ethiopia. The transmission voltage levels are 400 kV, 
230 kV and 132 kV, with the sub-transmission voltages of 66 kV, 45 kV and 33 kV (Figure 2-1). 
The Ethiopian power system is a 50 Hz-system.  Overhead lines are the only means of power 
transmission. There are a total amount of 138 substations throughout the country. Many of the 
generation plants are located at a considerable distance from the main load center of Addis 
Ababa and its surroundings. The actual length of the 400 kV-overhead lines is 618 km, of which 
about 600 km is constructed as a double circuit. By contrast, the length of the 132 kV-lines is 
4033 km and that of 66 kV and 45 kV add up to 2710 km. The Ethiopian high voltage 
transmission network, by and large, exhibits a radial structure (Figure 2-2). Long overhead 
transmission lines deliver only modest loads at the receiving-end. As a result, maintaining a 
voltage profile within a tolerable band around the nominal value presents itself as an operational 
challenge. Shunt reactors (some permanently switched) are installed at various points in the 
system. The total MVAr absorbed by these reactors at any given moment can reach up to 40 % 
of the total load MW, with the accompanying real power loss is just under 1 MW. Generally the 
Ethiopian high voltage transmission system at the moment is characterized by long range 
transmission lines carrying only limited power. 
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The total number of customers in 2009 added up to 1,830,052. For the same year the overall 
consumed energy amounted to 3,727.78 GWh, which results in an average per customer 
consumption of 2037 kWh per year. 86.17% of all customers were residential consumers, 
12.45% were part of the commercial and service sector and only 1.38% the industry sector. By 
contrast, with regard to energy consumption, the industry consumed 37.9%, and the share of the 
commercial and service sector 24.4% and residential customers were 37.6% [8].  
11 
 
Figure 2-2  The Ethiopian transmission grid at 132 kV (blue) and 230 kV (red) level 
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Annual per capita electric energy consumption (kWh per capita) for the year 2009 according to 
World Bank data was 45.8 kWh/year, against 517.4 kWh/year for Sub–Saharan Africa. During 
2009/2010, three generating plants were commissioned: Tekeze hydroelectric power plant – 300 
MW, Gilgel Gibe power plant – 420 MW and Beles Power plant – 460 MW. 
Late in 2012, Ashegoda and Nazreth wind farms has started to boost 81 MW power to the 
Ethiopian power grid. These have made the current (2012) energy situation of the country to 
differ significantly from that of the 2009. The annual energy consumption in 2012 rose to 8449.3 
GWh against the 3,727.78 GWh in 2009 and the annual per capita electric energy consumption 
(kWh per capita) is also improved to 100 kWh/year against 45.8 kWh/year in 2009. The next 
figure (Figure 2-3) shows the breakdown of generated electricity by its primary source in 2012. 
 
 
Figure 2-3  Energy generation by source (a) and capacity of installed generation (b) as of 2012 
The EEPCO generally has two electric energy supply systems: the Interconnected System (ICS) 
and the Self Contained System (SCS). The main energy source of ICS is Hydro power plants and 
that of SCS is mini hydropower and diesel power generators allocated in various areas of the 
country. The SCS consists of three small hydro and many isolated diesel plants located 
throughout the country with a capacity of 6.15 and 30.06 MW, respectively. This together with 
interconnected hydro, wind, diesel and geothermal generations make the total electricity 
production in Ethiopia as 2018.1MW [1].  
On the generator side, the current total hydroelectric power production of Ethiopia is 1850.6 MW 
which provides the highest amount of power and consequently is used as the base power 
generation. The generation capacity of hydropower plants in Ethiopian is largely based on 
hydropower reservoirs, which are significantly affected by depletion of water in the reservoirs 
 a)  b) 
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during periods of extended drought. This as a result causes potentially large fluctuations and 
unavailability of power supply and mismatch between demand and supply of energy throughout 
the country. Considering the increasing power demand and capacity shortfall in the grid system 
and to have a better generation mixes, wind energy is found an immediate and clean energy 
solution and currently 81 MW of wind power is interconnected to the grid from two different 
wind farms and much more are yet under construction. Table 2-1 shows the details of the 
available generation capacity and actual generation in Ethiopia.  
Table 2-1  Available generation capacity of Ethiopia in 2012 
Table Type of generation  Capacity (MW)  
Generation 
(GWh) 
Hydro 1,850.60 7574 
Wind 81
1
 262.7 
Diesel 79.2 563.6 
Geothermal 7.3 49 
Total 2018.1 8449.3 
                                     
2.1.2 Load demand and generation 
The Ethiopian transmission grid was experiencing a peak demand of approximately 850 MW in 
2010, which is very much higher now in 2013. Typically, low demand at night times settles at 
nearly half the peak demand (Figure 2-4). As mentioned earlier, the major load center in Ethiopia 
is located in Addis Ababa (the capital city) and its environs, where most people live. By contrast, 
many of the generation plants are located at a considerable distance from the main load center 
(Figure 2-1).  
 
                                                 
1
 Nazreth wind farm with 51 MW + 30 MW of Ashegoda wind farm are currently in operation. Integration of 
the rest 90 MW from Ashegoda wind farm is shortly to follow. 
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Figure 2-4  Monthly peak load curve in Ethiopia (February/2010) 
According to the fast economic development of the country, a rapid growth of load is expected 
for the forthcoming years, which has been observed in recent years. Three demand forecast 
scenarios have been developed by EEPCO to represent the estimated annual consumption level 
over a 25 years planning horizon. According to [9] this analysis was made on historical sales and 
GDP data for the period 1973 to 2007. These are:  
 The Target Scenario 
 The Moderate I Scenario, and, 
 The Moderate II Scenario 
Estimations of peak load development made by EEPCO using three scenarios [10] are shown in 
Figure 2-5. 
600
650
700
750
800
850
900
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31
M
W
 
Day of the month 
 Peak load for  the month of February  2010 
C h a p t e r  2  
 15 
 
Figure 2-5 EEPCO demand forecast scenarios for the period of 25 years planning horizon 
In consequence of the expected load growth a detailed generation expansion plan has been 
introduced by EEPCO, comprising the provision of clean and sustainable energy. The 
government of Ethiopia has identified this issue as a key element for the economic and social 
development of the country and launched mega projects to meet its own as well as neighboring 
country’s demand for electricity energy from sustainable renewable sources such as hydro, solar 
and wind generations [11].  On the hydro side, Ethiopia has a potential to generate 45,000 MW 
of hydroelectric power. However, currently only about 2,000 MW is generated. the reservoir-
based plants such as Gilgel Gibe III, Genale Dawa, Chmoga Yeda, Hlele Warabesa and Grand 
Renesance Dam  represents the largest projects for the coming five years which is expected to 
increase the generation capacity of the country to 10,000 MW by the end of 2015. Regarding 
wind generation, it is planned a total of 770 MW capacity to be commissioned before 2014. 
Generally, the integration of high level wind generation to weak grid is still under dispute in 
order not to jeopardize system stability by wind volatility. Further evidence of the admissibility 
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of a higher share of wind generation to the Ethiopian power system should be procured by the 
present research. 
2.1.3 Regional interconnections 
At present, Ethiopia is implementing ambitious projects to connect the neighboring countries 
such as Djibouti, Kenya, South Sudan and Sudan with electric power transmission lines (Figure 
2-1). Djibouti is already the first country to be connected with a 230 kV and 50 MW of electric 
power. The installations of power transmission line that stretch to Southern Sudan with intended 
supply of 200 MW power have been completed too. The Ethio-Kenya power interconnection 
project is a construction of new transmission line with a total of 1066 km, double circuit line, 
500 kV, HVDC with a capacity of 2x500 MW. The project after completion is expected to be the 
largest cross-border transmission line in Africa [12]. The Ethio–Sudan power system 
interconnection project is another regional interconnection transmission line of 230 kV which 
connects the town of Bahir Dar in Ethiopia to the town of Gedaref in the Sudan [13]. The present 
and planned cross-border connectivity of the Ethiopian electricity grid is shown in Figure 2-6. 
 
Figure 2-6  Geographical layout of the Ethiopian transmission grid [9] 
These projects are part of the overall electrification plans of Ethiopia. The proposed new 
transmission lines will considerably increase the power transfer capacity from the existing and 
future generating sources to the national grid. In addition it creates an opportunity for strengthen 
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regional interconnection with neighboring countries. It is also expected that this lines will 
enhance the system security of all participating countries and at the same time will create the 
backbone of the Ethiopian electricity market [14]. 
2.2 Wind situation in Ethiopia 
In Ethiopia, according to the estimation made by EEPCO, a huge potential of 10 GW technically 
feasible wind power resources is available. On the basis of wind measurements of the country, 
wind energy is highly variable over the terrain mainly as a function of the topography of the 
country.  Average wind velocities up to 10 m/s is registered throughout the Eastern half of the 
country and the Western escarpment of the Rift Valley which indicates the best location for 
harnessing the current as well as the future wind farm developments. Wind velocity is highly 
seasonal in Ethiopia and particularly in the high land plateau zone there are two peak seasons – 
March to May and September to November, whereas in the eastern lowlands wind velocity 
reaches its maximum between May and August.  Medium to high wind speed of 3.5 to 6 m/s 
exists in most Eastern parts and central Rift Valley areas of the country. In the context of the 
Ethiopian power system wind power will play a vital complementary role with hydro power in 
that the natural cycle of wind energy availability is such that it increases in the dry season when 
the hydropower reservoirs are low in water, and it decreases in the wet seasons when the 
reservoirs are rapidly filling up with water. This will make wind power a crucial ingredient of the 
grid energy mix by improving the reliability of the system even in dry years [15], [16]. The 
following figures (Figure 2-7 and Figure 2-8) show a GIS map of wind resources in Ethiopia.  
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Figure 2-7  Annual mean wind in Ethiopia [16], [17] 
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Figure 2-8  Locations of wind farms in Ethiopia [15] 
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2.3 Existing wind generation 
Currently there are two wind farms in operation, the Ashegoda wind farm and Nazareth wind 
farms. The Ashegoda wind park is situated on a high plateau in northern Ethiopia at an altitude 
of 2400 m above sea level. The project site is approximately 20 km north of the city of Mekelle 
and 720 km from the capital city, Addis Ababa. According to the feasibility study [18], the 
average wind speed in the area is 8.79 m/s. The aggregate installed capacity of the wind farm, 
when completed will be 120 MW (currently only 30MW is in operation). The turbines are pitch-
controlled, variable speed, two-blade, upwind turbines. The rotor diameter of the turbine is 62 m 
with a hub height of 70 m. Squirrel-cage induction generators with two-stage gearbox are used. 
The generator terminal voltage is 690 V, and each wind turbine is attached to a pad-mounted 
transformer that steps up the generator terminal voltage (690 V) to a medium voltage level of 33 
kV.  
The configuration and figurative summary of the topology of Ashegoda wind farm is shown in 
Figure 2-9. 120 turbines are grouped into 6 clusters (CL_1 to CL_6), with each cluster 
containing turbines ranging from 12 to 26. The turbines within a cluster are connected to one 
another through underground cables, and 33 kV overhead lines connect each cluster to the 
central substation. The central substation itself has two 63 MVA (33/230 kV) transformers. Two 
outgoing 230 kV overhead lines link the wind farm to the grid at Mekele substation.  
The other wind farm currently in operation is the Nazareth wind park which is situated in the 
center of Ethiopia at an altitude ranging from 1824 to 1976 meters above sea level and average 
air density of  0.94 kg/m3. The project site is located about 95 km south east of Addis Ababa and 
around 3 km north east of Nazareth town. According to the feasibility study made by Deutsche 
Gesellschaft für Technische Zusammenarbeit (GTZ)  [18], the average wind speed in the area is 
9.56m/s. Installed capacity of the Nazreth wind farm is 51 MW with 34 turbines of 1.5 MW 
each. The rotor diameter of the turbine is 77 m. The generator terminal voltage is 690 V, and 
each wind turbine is attached to a pad-mounted transformer that steps up the generator terminal 
voltage to a medium voltage level of 33 kV.  
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Figure 2-9  Configuration of the Ashegoda wind farm 
2.4 Planned wind turbine installations 
The country is planning to develop seven wind sites with a total installed wind power capacity of 
800 MW by 2015. After completion of all wind projects in the country the wind power 
penetration level to the Ethiopian grid will significantly increase to about 20% by the year 2015. 
One of the reasons of this research is therefore to analyze the allowable wind power limits for 
future years from system stability point of view.  
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3. Modeling of wind turbines for dynamic studies 
Wind energy is the most rapidly growing technology from renewable power generation in the 
world. The modeling of wind farms for grid integration studies is now an important issue, owing 
to the significant increase in connected wind power capacity. The main purpose of wind turbine 
modeling in this thesis is to enable the incorporation of wind turbine models in power system 
dynamics simulations and facilitate studies of their impact on power system dynamics. Although 
the wind turbine is composed of aerodynamic, mechanical and electrical components, it should 
be considered as one electro-mechanical component and modeled similar to the conventional 
generating units in the transmission system in terms of time constants and complexity [19], [20]. 
Generally wind turbine model comprises the following components: 
 wind speed  
 turbine aerodynamics  
 mechanical drive-train  
 generator  
 frequency converters  
 control system  
In this thesis the wind speed model is excluded for the reason that, simulations are carried out 
using a measured wind speed sequences, making a wind speed model unnecessary [21]. 
3.1 Wind turbine types 
As a general classification, wind turbines can be categorized in two groups - constant and 
variable speed wind turbines. The doubly-fed induction generator (DFIG) and full-rated 
converter synchronous or induction machine based wind turbines belong to the category variable 
speed. Constant speed wind turbines use a directly grid connected squirrel cage induction 
generator. Due to their poor aerodynamic efficiency and limited controllability, constant speed 
machines are no longer the machine of choice for new installations, especially in higher capacity 
range. For purposes of deriving models for use in simulation studies, currently, there are four 
common types of wind turbines in operation [22], [23] 
 Type 1 - Fixed-speed induction generator (FSIG) 
 Type 2 - Wound rotor induction generator with variable rotor resistors (WRIG)  
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 Type 3 - Doubly-fed induction generator (DFIG) 
 Type 4 - Full size converter generator (FSCG)  
The main differences between these four concepts are the generating system and the way in 
which the aerodynamic efficiency of the rotor is limited during high wind speeds. 
3.1.1 Fixed-speed induction generator (FSIG) 
Fixed speed induction generators consist of a conventional, directly grid coupled squirrel cage 
induction generator. The mechanical rotor speed is strongly linked to the rotational speed of the 
magnetic field, which, in-turn, has a fixed relation with the grid frequency, 
    
   
 
 (3-1) 
     
      
  
 (3-2) 
Where 
   - the synchronous rotational speed [rpm], i.e. the rotational speed of  the magnetic field; 
    -  the mechanical rotational speed [rpm]; 
f -  grid frequency [Hz] and    
p  -  number of pole pair. 
The slip (s), and hence the rotor speed of a squirrel cage induction generator varies with the 
amount of power generated. These rotor speed variations are, however, very small, 
approximately 1 to 2 per cent. Therefore, this wind turbine type is normally known as a constant 
speed or fixed speed turbine. Since the rotor speed cannot be varied, Wind speed fluctuations are 
directly translated into electromechanical torque variations, rather than rotational speed 
variations. This causes high mechanical and fatigue stresses on the system (turbine blades, 
gearbox and generator), and may result in swing (oscillations) between turbine and generator 
shaft.  Figure 3-1 shows a typical configuration of this type. The generator offers no option for 
electrical control and it consumes reactive power according to the operation characteristic based 
on the machine parameters. In most cases, this is undesirable, particularly in case of large 
turbines and weak grids. Therefore, the reactive power consumption of the squirrel cage 
C h a p t e r  3  
 24 
induction generator is nearly always partly or fully compensated by additional compensating unit  
in order to achieve a power factor close to one [24]. 
 
Figure 3-1 Fixed speed induction generator based wind turbine 
3.1.2 Wound rotor induction generator (WRIG) with variable rotor resistors  
The following block diagram shows wound rotor induction generator with variable resistors in 
the rotor circuit Figure 3-2. 
Variable speed operation in wound rotor induction generator type turbines can be achieved by 
changing the resistance in the rotor circuit. By changing the rotor resistance the torque-speed 
characteristic of the generator is shifted which allows speed variation in the range of 10% above 
the synchronous speed of the generator. 
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Figure 3-2 Wound rotor induction generator with variable rotor resistance based wind turbine 
The rotor resistance is normally made adjustable by a power converter which enables continuous 
variation. With variable-speed operation, the system can capture more power from the wind, but 
still the major limitation of this system is energy losses in the rotor resistance, which increases 
with an increase in speed range. This configuration like FSIG also requires a soft starter and 
reactive power compensation. 
3.1.3 Doubly-fed induction generator  
A typical block diagram of a DFIG system is shown in Figure 3-3. The two back-to-back 
frequency converters -machine side converter (MSC) and line side converter (LSC) enable 
variable speed operation needed for higher aerodynamic efficiency. Since the IGBT (Insulated 
Gate Bipolar Transistor) converter is located in the rotor circuit, it only has to be rated for a 
small portion of the generator rating (typically 20-30%, depending on the desired speed range). 
The crowbar is designed to protect the MSC against over-currents and the DC capacitors against 
over-voltages during grid faults. The crowbar is put into operation by short-circuiting the rotor 
terminals through a resistor in conjunction with blocking the MSC. Consequently, the generator 
becomes uncontrollable for the duration of the crowbar activation, in addition to the generator 
drawing reactive power by acting as an ordinary singly-fed induction machine. Crowbar 
activation therefore disables the machine from supporting Low Voltage Ride-Through (LVRT). 
According to grid code requirements, this is undesirable or even unacceptable. An appropriately 
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designed DC chopper precludes crowbar ignition for most fault scenarios by switching the 
chopper resistor in parallel to the DC circuit thereby keeping the voltage rise in check. 
The primary function of the LSC is to maintain the prescribed DC voltage. It can also be used for 
optimization of the reactive power sharing between MSC and LSC in steady-state operation and 
also for the provision of reactive power during grid faults. The central control function in DFIG, 
which is to control the machine speed in such a way that it matches the tracking characteristic, is 
performed via the MSC control.  Optionally a fast-acting local voltage controller can be 
implemented [25], [26] 
 
Figure 3-3  Doubly-fed induction generator based wind turbine 
3.1.4 Full converter machine 
The following figure (Figure 3-4) shows a wind energy system with the use of a full-capacity 
power converter to interface the generator to the grid. Squirrel cage induction generators (SCIG), 
wound rotor synchronous generators WRSG, and permanent magnet synchronous generators 
(PMSG) have all found applications in this type of configuration. 
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Figure 3-4  Full-size converter based wind turbine 
Wind turbines in this configuration use a power converter, which is rated for the full machine 
rating, and, as a result, the converter of this type of machine is referred to as full-size converter. 
With the use of the power converter, the generator is fully decoupled from the grid, and can 
operate in full speed range, which enables the wind turbine to capture the maximum power from 
the wind. This also enables the system to perform reactive power compensation and smooth the 
grid connection. The gear box in this system can be eliminated if a low speed synchronous 
generator with large number of poles is used. 
3.2 Mathematical models of the wind turbine systems 
The working principle of a wind turbine encompasses two conversion processes, which are 
carried out by its main components: the rotor, which extracts kinetic energy from the wind and 
converts it into a mechanical torque, and the generating system, which converts this torque into 
electricity Figure 3-5. 
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Figure 3-5  General working principle of wind generation 
The electromechanical energy conversion process in all modern wind turbines is realized by 
either of the following machines: the squirrel-cage induction generator, the synchronous 
generator, the doubly-fed induction generator, or wound-rotor induction generator. The squirrel-
cage induction machine is well known for its robustness and simplicity in construction. In terms 
of initial investment, it is the least cost option. Its biggest drawback for wind power generation is 
the fact that its speed cannot be variedt. As a result, the wind speed variations, which occur as a 
matter of course, directly translate into drive train torque fluctuation and lead to higher structural 
stress. 
In addition to the need to reduce the structural load, the efficiency of the energy conversion 
process necessitates the use of variable speed machines in modern multi-megawatt turbines, and 
the doubly-fed induction machine (DFIM) and the synchronous generator come into 
consideration for this purpose. The system of equations put together in the following section is 
applicable to the DFIM and the synchronous machine with minor modifications as will be shown 
in the subsequent sections. 
3.2.1 Aerodynamic model 
The following set of equations which describes the power conversion from wind-power to 
mechanical power for a constant, steady-state wind flow is in general valid for both types of 
wind turbines, fixed and variable speed. 
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The mechanical power (MW) at the shaft of a wind turbine is given by the following equation: 
    
 
 
  (   )    
  (3-3) 
where 
    - Swept area 
    -  Power coefficient 
   - Air density 
   - Pitch angle 
   - Tip speed ratio 
   - wind speed 
The power coefficient   (   ) is a function of the tip speed ratio λ and the pitch angle . The tip 
speed ratio ( ) is defined as the ratio of the turbine speed at the tip of the rotor    (   ) to the axial 
wind speed (   ). 
   
  
  
 
    
  
 (3-4) 
Where    is rotor radius and    is turbine rotational speed. 
The characteristic of the power coefficient is mainly determined by the design of the rotor 
blades. The theoretical maximum value of the power coefficient according to Betz equation is 
59.26% [27]. But due to other factors like turbulences and limitations in blade design, the 
existing wind turbine blades still have a power coefficient below 50%.  
The following figure (Figure 3-6) shows the variation of power coefficient (Cp) with the pitch 
angle for a multi-megawatt wind turbine. As can be seen from the family of plots of power 
coefficient curves, the power coefficient can be effectively controlled by pitching the blade. But, 
the pitch control is only needed during periods of high wind speed and gusts to limit the output 
power to or near the rated value by pitching the rotor blades out of wind to reduce the 
mechanical stress on the wind turbine blades and the drive train. 
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Figure 3-6     curves of a pitch controlled wind turbine [28]  
Usually, the   - curves are provided by the manufacturers of the rotor blades in form of data 
sheet. However, for the power coefficient    the following approximation can be used: 
   (   )     (            
    )   
   (   ) (3-5) 
where c1…c6 are parameters of the wind turbine generator which can be determined by using an 
optimization algorithm for system identification with the real    - curves as reference data. 
The combination of pitch-angle and speed control using the electro-mechanical torque as a 
medium is the standard approach for speed control in modern multi-megawatt wind turbines. The 
speed control capability is the necessary condition for achieving the maximum energy 
conversion efficiency across a wide range of wind speeds. In other words, adjusting the generator 
torque and thus the turbine rotational speed enables operation at successive maximum power 
points corresponding to the actual wind speed in the mechanical power versus turbine speed 
characteristic of the rotor blade.  
Therefore, the main task of the rotor blade (pitch angle) control, as indicated above, is to 
maintain the wind turbine mechanical power (torque) at high wind speeds inside the allowable 
range. Figure 3-7 shows alternative options for achieving this objective. 
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Figure 3-7  Rotor blade control options 
 
 Stall control: 
The stall control utilizes the stall effect introduced as an inherent property of the blade profile as 
a design feature to limit the wind turbine power when the wind speed exceeds the allowable 
limit. For stall controlled turbines, the pitch-angle is not adjustable. This control option achieves 
only a limited (inaccurate) power control, as the blade characteristic changes with randomly 
changing values such as air density or rotor blade surface contamination. Additionally, the stall 
effect deepens with increasing wind speed, leading to a decreasing power output at higher wind 
speeds. Stall control is only used for small wind turbines (up to some hundred kW), which 
typically employ the squirrel cage induction generators. This configuration is referred to as the 
Danish Concept. 
 Active stall control: 
Active stall control also utilizes the stall effect, but additionally the rotor blades are pitch-able. In 
partial load operation the blade angle is maintained at zero pitch-angle. When the wind speed 
exceeds the nominal value of the wind turbine the active stall control turns the rotor blades 
further into the wind (negative pitch angle) to increase the stall effect and thus to make the 
ensuing power reduction more pronounced. Active stall control only requires small changes in 
pitch angle to keep the turbine power above nominal wind speed constant. The stall effect puts 
the rotor blades under high mechanical stress, and, as a result, the use of active stall control is 
limited to turbine sizes of up to approximately 2 MW. 
 Pitch angle control 
Pitch controlled wind turbines use pitch actuators to turn the rotor blades out of the wind 
(positive pitch angle) when the wind speed crosses the maximum threshold, without the need for 
introducing the stall characteristic into the blade design. By pitching the blades out of the wind 
the lift forces are reduced, which leads to turbine power limitation. Accordingly, the output 
power can be maintained at its nominal value for all wind speeds above the nominal value and up 
Stall
Control
Active
Stall
Control
Pitch
Control
Wind
C h a p t e r  3  
 32 
to the cut-out wind speed. The required variations of the pitch angle are greater than those 
needed for active stall control. Pitch control is the most widely used control option for multi-
megawatt wind turbines. 
Figure 3-8 shows the power curves for all three control approaches described above. 
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Figure 3-8  Power curves for different blade control options 
While the output power of the stall controlled turbine decreases above nominal wind speed, 
active stall and pitch control maintain the power at its nominal value, leading to higher energy 
yields. The power curves shown in Figure 3-8 originate from wind turbines of different ratings 
and rotor sizes with varying nominal values. Thus, direct comparison with one another is not 
possible, but basic differences in their characteristic behaviors are along the lines depicted in the 
figure. 
3.2.2 Drive-train model 
The aerodynamic torque developed by the wind turbine is transferred through the main shaft and 
gearbox to the generator shaft.  It is shown in Figure 3-9(a), that the actual wind turbine system 
consists of wind turbine, low-speed shaft, gearbox, high-speed shaft, and the generator rotor. The 
drive train model of a wind turbine generator system differs from type to type primarily 
depending on the choice of a gearbox or a direct drive system. The following four types of drive 
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train models of the wind turbine generator system are usually available in the power system 
analysis: 
 Six-mass drive train model 
 Three-mass drive train model 
 Two-mass shaft model 
 One-mass or lumped model 
Considering the drive train, which has the most important effect on the output power, shaft 
system can be modeled as a two-mass system as shown in Figure 3-9(b). The approach adapted 
to drive train system is that the wind turbine and generator rotor can be modeled as masses, while 
the turbine shaft can be modeled as spring element. Therefore, the complete wind turbine 
mechanical drive train system model can be represented by three masses connected by two shafts 
[29] [30]. 
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Figure 3-9 Representation of the drive train model- a) three- mass model b) two-mass model and 
c) single-mass model 
For variable speed direct drive wind turbines used in this thesis, the simple one mass lumped 
model is considered Figure 3-9(c). It is because the drive train properties in such a system have 
almost no effect on the grid side characteristics due to the decoupling effect of the power 
electronic converter. The dynamic behavior of such single lumped mass system can be described 
as in equation (3-6) 
 
  
  
 
 
    
(     ) (3-6) 
in which     is the total of wind turbine mechanical and generator mechanical inertia constant 
in s,   is the rotor speed in rad/s,     is the wind turbine aerodynamic torque in Nm,    is the 
generator electromagnetic torque in Nm. 
3.2.3 The generator model 
Fixed speed based wind turbines are no longer used for new wind turbines due to the fact that 
variable speed wind turbines offer higher energy efficiency and better controllability. However, 
fixed speed wind turbines still represent a share of the total installed wind capacity in many 
countries of the world [31].  
The equation of motion for a fixed speed wind turbine is described by the following set of 
equations:  
 
   
  
 
      
   
 (3-7) 
 
   
  
 
      
   
 (3-8) 
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    (     ) (3-9) 
in which  f is the nominal grid frequency [Hz], t  is torque [Nm], H is the inertia constant,  is the 
angular displacement between the two ends of the shaft [electrical radians],  is rotational speed 
[p.u.], H is the inertia constant [s] and    is the shaft stiffness [p.u. torque/electrical radians]. The 
indices r, m and e pertain to wind turbine rotor, generator mechanical and generator electrical 
respectively [32]  
The generator model in the constant speed wind turbine concept (squirrel cage induction 
generator) is a standard induction model which is not described here in further detail [33].  
In this thesis variable speed turbines are considered and all attention will be given to the model 
of this type of generators only. 
3.2.3.1 Full order model 
The complete set of mathematical relationships that describe the dynamic behavior of the 
machine is represented by the following equations (3-10) to (3-15). The superscript ∠K denotes 
an arbitrary reference frame rotating at the speed    (If    is chosen to be   , the voltage, 
current and flux linkage space-phasors correspond to familiar complex phasors).  
Voltage equations: 
   
∠      
∠  
   
∠ 
  
      
∠  (3-10) 
   
∠      
∠  
   
∠ 
  
  (     )  
∠  (3-11) 
Flux equations: 
   
∠      
∠      
∠  (3-12) 
   
∠      
∠      
∠  (3-13) 
where           
(3-14) 
           
Equation of motion: 
 
   
  
 
 
  
(   (             )) (3-15) 
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Equations (3-10) and (3-11) resolved into real and imaginary parts together with the equation of 
motion (3-15) constitute the 5
th
 order model of the doubly-fed induction machine. The terminal 
voltage   
∠ forms the link to the rest of the network [34], [35]. 
3.2.3.2 Quasi-stationary model 
The quasi-stationary mode underlies the assumption that in the synchronously rotating reference 
frame the transformer voltage in the stator winding can be neglected against the much greater 
speed voltage, i.e. 
 |      
∠ |  |
   
∠ 
  
| (3-16) 
Resorting to the network coordinates (choosing a reference frame rotating at a constant speed 
corresponding to the network radian frequency ω0) and using the familiar notation for voltage 
and current phasors, we obtain from equation (3-10) for the stator flux linkages: 
    
        
   
 (3-17) 
By substituting (3-13)into equation (3-12), the rotor current can be eliminated to yield: 
          
  
  
(        ) (3-18) 
Equating (3-18) and (3-19) and results in: 
             (      
  
  
(        )) 
(3-19) 
        (        )          
with 
       
  
 
  
        
  
 
  
 (3-20) 
       
  
 
  
        
  
 
  
 (3-21) 
and 
    
  
  
 
  
      
 (3-22) 
The voltage equation (3-20) corresponds to the following equivalent circuit of Figure 3-10. 
 
C h a p t e r  3  
 37 
 
 
 
 
 
 
Figure 3-10  Quasi-stationary equivalent circuit of the induction machine 
The internal voltage in Figure 3-10 - (u) is a function of the rotor flux, which is a state variable. 
Substituting equation (3-13) into (3-11), the rotor flux can now be brought to the state-space 
form: 
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(3-23) 
where       
   
  
  
   (     )    and               
Equation (3-23) resolved into its real and imaginary parts together with the following equation of 
motion constitutes the quasi-stationary (3rd order) model of the machine. 
 
   
  
 
 
  
(     {     
 }    ) (3-24) 
The determination of the rotor flux linkages  R and thus the stator current    requires the 
numerical integration of (3-23) and (3-24), in addition to the solution of the load flow equations 
of the network on which the machine is operating in an alternating process. 
Note that the mathematical relationship for the squirrel-cage machine is obtained by merely 
setting    = 0 in (3-23) [36]. 
3.2.3.3 Steady state model  
To characterize the operational behavior of the induction machine in steady state, all derivatives 
in equations (3-10) and (3-11) are set zero. Thus, 
               (3-25) 
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          (     )   (3-26) 
Eliminating the flux linkages using equation (3-12) and (3-13), we obtain: 
             (         )                   (3-27) 
 
  
 
 
  
 
      (         )   
  
 
               (3-28) 
With, 
   
     
  
 (3-29) 
The resulting relationship translates into the equivalent circuit given in Figure 3-11. The rotor 
voltage    shown in Figure 3-11 is the output of the inverter. Because    is a complex quantity, 
the two inputs (i.e., the real and imaginary parts) represent two control inputs. Using the field-
oriented control approach, which is the standard practice; these values enable the control of the 
stator active and reactive power independent of one another. 
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Figure 3-11 Equivalent circuit of a doubly - fed induction machine in steady state 
3.2.3.4 Frequency converter model 
Frequency converters are power electronic devices, which can connect two systems with 
different frequency and voltage. Basically, frequency converters find wide application in drive 
systems and high voltage direct current (HVDC) transmission systems or flexible alternating 
current transmission systems (FACTS) devices. With the emerging technology of wind turbines, 
frequency converters are popularly used in wind energy conversion systems. In fixed-speed wind 
turbines, converters are used to reduce inrush current and torque oscillations during the system 
start-up, whereas in variable-speed wind turbines they are employed to control the speed/torque 
of the generator and also the active/reactive power to the grid [37]. 
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The voltage level, type of semi-conductor device employed and the topology of frequency 
converters are main factors in application to wind turbine energy systems.  
Frequency converters in wind turbine systems are known for two level of voltages as, low 
voltage converters of 400 V to 690 V and medium level voltage converters of 3 kV to 6.6 kV.  
Regarding the type of semiconductor devices, in wind turbines the advantages of the self-
commutated devices based on IGBTs have led to a wide distribution of frequency converters. It 
is mainly because IGBTs offer turn-on and turn-off capability and thus provide full 
controllability at a wide range of switching frequencies. The upper limit of this range is 
determined by the semiconductor switching losses and is approximately at 5 kHz for power 
applications. The lower limit is due to the increased harmonic generation at low switching 
frequencies and the corresponding increased filter size and is at approx. 500 Hz. Other switching 
devices like GTOs (Gate turn-off thyristor) offer switch-off capability, but work at lower 
switching frequencies (typically 500 Hz). However, they produce lower conduction losses 
compared to IGBTs, which makes them a considerable alternative to full-size converters 
The standard converters topology for low voltage DFIG based wind turbines are using a two-
level topology (Figure 3-12), while three-level neutral point clamped (NPC) converter topologies 
are used for medium voltage full-size converters. 
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Figure 3-12 Two-level converter 
When the DC voltage is higher than the reverse voltage of one IGBT module, which may be the 
case for medium voltage converters, a series connection of modules is inevitable. Series 
connections in a two-level topology require additional circuits to guarantee an equal voltage 
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distribution between the IGBTs in one branch. Additionally, the pulse width modulation (PWM) 
control of the single IGBT modules must be synchronized and the modules in one branch should 
share a very similar switching characteristic to avoid voltage imbalances, which is not 
guaranteed with the standard manufacturing tolerances. 
Although, full-size converter type wind generation system is the focus of this thesis, the two 
level voltage convertor topology is used. It is mainly because the behavior of two level voltage 
convertor is similar to that of the three-level NPC converters and the other fact is that the later 
topology is not yet well described in further details [37]. 
For controller analysis, voltage equation can be derived in accordance with the circuit shown in 
Figure 3-12.  
With the voltage drop across the grid reactor considered, the resulting converter voltage is:  
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In a voltage oriented reference frame (    
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=0,      
∠  
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|)  the dq-components of the LSC 
voltages are: 
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3.2.3.5 The DC link and chopper model 
The modeling of DC link and chopper is the same for both full rated converter and DFG based 
wind turbine systems. Figure 3-13 represents the equivalent circuit of the DC link and chopper. 
 
Figure 3-13 DC link equivalent circuit 
 
rCH
cDC
LSC
p
vDC
MSC
p
LSC MSC
LSC Losses MSC Losses
C h a p t e r  3  
 41 
The time behavior of the DC voltage is describe by the following equation: 
 
    
  
 
  
       
(              ) (3-33) 
in which      represent the converter losses of MSC and GSC together. Converter losses are 
usually small (approximately 1% of rated output power) and therefore, negligible for the desired 
stability type of simulations. However, for higher accuracy requirements a polynomial approach 
can be used for both MSC and GSC. 
              |  |     |  |
  (3-34) 
Where the index “x” stands for MSC or LSC alternatively. 
The power of MSC, LSC and chopper can be calculated according to  
                            (3-35) 
                            (3-36) 
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 (3-37) 
  
3.3 Models of the control system  
3.3.1 Speed control 
Numerous approaches have been developed over the years for the speed control of converter 
based wind turbines including applying nonlinear control theory and search algorithms. The 
objective is optimal power tracking for varying wind speeds by taking into account exogenous 
influencing factors such as blade surface contamination and icing. These control approaches 
presuppose a thorough understanding of the turbine aerodynamic properties including the effect 
of environmental impacts on the one hand and an in-depth knowledge of control theory as 
applied to a complex structure on the other. 
Converter driven wind turbines offer the largest speed control range and allow a very fast and 
accurate control. In a DFIG based system the speed range depends on the converter size, and 
typical speed range is approx. ±30% around the synchronous speed. For the full-size converter 
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machines the speed range is even larger, and, as a result, these types of machines enable better 
utilization of the energy in the wind in partial load operation. But the larger converter size makes 
the installation more expensive. 
Figure 3-14 shows the mechanical power versus speed characteristics of a wind turbine for 
different wind speeds. The curve connecting the maximum power points corresponding to each 
wind speed, the so called tracking curve, is also shown. The curve clearly shows the link 
between variable speed operation (and thus speed control) and the amount of power that can be 
extracted from the wind.  
 
Figure 3-14 Tracking characteristic of a DFIG based wind turbine [28] 
The control approach to be described here is based on standard PI controllers, which is shown in 
Figure 3-15. The speed control makes use of a fixed relationship between power and speed 
stored in a lookup table. The difficulty associated with measuring the wind speed accurately in 
the vicinity of the plane of turbine rotation is circumvented by measuring the power instead, 
which then is translated into the corresponding speed with the help of the look up table (as 
shown in the upper part of Figure 3-15). The PI controller adjusts the generator speed by 
changing the reference value of the electromagnetic torque. With this value and the measured 
generator speed the reference electrical power is calculated and passed on to the converter 
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control, which controls the active power to the desired value. The structure (Figure 3-15) also 
includes the model of the turbine incorporating the   - curve of the wind turbine together with 
the power conversion equations (3-3) to (3-5). The wind speed used in this power conversion 
model is passed through a PT1 element to consider the smoothing effect across the area swept by 
the rotor blades. 
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Figure 3-15 Structure of a pitch and speed control of a DFIG based wind turbine 
Figure 3-15 (the lower part) shows the structure of the pitch control, which is based on a PI 
controller. This controller is only active when the generator speed exceeds its nominal value. The 
controller output is the set-point for the pitch angle, which is adjusted by the pitch actuator with a 
certain delay. The pitch actuator can be modeled using a PT1 element with rate and output 
limitation. 
3.3.2 Converter control of a DFIG based wind turbine 
The most commonly used generator type in modern wind turbines is the DFIG. A typical layout 
of a DFIG system is shown in Figure 3-16. The back-to-back converters enable variable speed 
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operation. Since the IGBT-converter is located in the rotor circuit, it only has to be rated for a 
small portion of the generator rating (typically 20-30%, depending on the desired speed range). 
A rotor crowbar and/or chopper are used to protect the rotor side converter against over-currents 
and the DC capacitors against over-voltages during faults. A crowbar ignition means that the 
rotor of the machine is short-circuited through the crowbar resistor and the machine side 
converter is blocked.  During this time slot the generator acts as an ordinary induction generator. 
In addition to the loss of the controllability through the converters, the machine draws reactive 
power from the network, which is not desirable for low voltage ride-through. To avoid a crowbar 
ignition for most fault scenarios, a DC chopper is used to limit the DC voltage by short-circuiting 
the DC circuit through the chopper resistors. A line inductor and an AC filter with the grid side 
converter serve to improve the power quality. 
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 Figure 3-16 DFIG based wind turbine control  
3.3.2.1 Line side converter (LSC) control 
Figure 3-12 shows the circuit diagram of the LSC. In a DFIG system the function of the LSC is 
to maintain the DC voltage and provide reactive current support for optimization of the reactive 
power sharing of MSC and LSC in steady-state. During grid faults additional short-time reactive 
power can be fed to support the grid. Especially when the machine rotor is short circuited 
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through the crowbar resistors, the generator consumes reactive power. This reactive power has to 
be compensated by the LSC. 
The control structure of the LSC is shown in Figure 3-17 and Figure 3-18. The outer loop of the 
LSC control features DC-link voltage control and reactive power control by controlling active 
and reactive current of the LSC. The performance of the voltage controller can be enhanced by a 
feed-forward control of the active current of the MSC, which can be calculated via the MSC 
active power and the line voltage. The magnitude of the current set value is limited according to 
the converter rating with a priority for the active current to ensure the correct DC-link voltage 
control. 
The following current control loop in Figure 3-17 and Figure 3-18  follows from the converter 
voltage in equations (3-30) to (3-32) with consideration of voltage drop across the grid reactor. 
The cross-coupling terms of the voltage across the grid reactor and the grid voltage are feed 
forward terms for the PI-controllers, which only have to provide a fast transition of the current to 
the respective set-values. 
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Figure 3-17 DC voltage and reactive current control 
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Figure 3-18 LSC current control 
3.3.2.2 Machine side converter (MSC) control 
The MSC control is responsible for the control of active and reactive power of the DFIG. The 
active power control follows the tracking characteristic to adjust the generator speed for optimal 
power generation depending on wind speed. Optionally a fast local voltage controller can be 
implemented. The cascaded control structure of the MSC is shown in    Figure 3-19 and Figure 
3-20. The outer power control loop of the MSC adjusts the rotor current set values for the inner 
rotor current loop.     
The equations for the feed-forward term for current control can be derived by using the steady 
state equations. From (3-27) follows: 
    
         
   
 (3-38) 
Substituting (3-38) into (3-28), we have: 
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(3-39) 
Equation (3-39) resolved into real and imaginary parts: 
              
  
  
               (3-40) 
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                       (3-41) 
where 
   (  
  
 
     
) (3-42) 
With the feed forward terms accounted for, the parallel PI current controllers only have to put 
into effect the transition of the rotor currents to the set values and compensate for the stator and 
rotor resistances. The corresponding current control loops are shown in Figure 3-19. 
 
 
 
Figure 3-19 MSC current control 
The equations for the power are: 
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Equations (3-45) and (3-46) can be expressed in terms of the stator voltage and the machine 
parameters in the following steps: 
        
                 (3-49) 
From (3-27) after neglecting the stator resistance, we have: 
                   
        
   
   
  
  
    
  
  
  (3-50) 
The stator current: 
          
  
  
 (3-51) 
      (
  
  
     
  
  
) (3-52) 
Substituting the values in (3-51) for the stator current components into (46) and (47) and noting 
that stator voltage is the reference (and as a result its reactive part is zero) results in the following 
relationships between the stator power and the rotor current: 
     
  
  
|  |    (3-53) 
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From equations (3-52) and (3-53) we have finally the feed-forward terms of the outer power 
control loop as shown in Figure 3-20 
 
 
Figure 3-20 Generator active and reactive power control 
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3.3.3 Converter control of a permanent magnet synchronous generator 
(PMSG) based wind turbine 
Wind turbines with permanent magnet synchronous generator use a frequency converter, which 
is rated for the full machine rating, and, as a result, the converter of this type of machine is 
referred to as full-size converter. The converter enables operation of the wind turbine in a wide 
speed range. The machine is fully decoupled from the grid, and can, as a result, operate at normal 
voltage and output power during faults. However, the power output of the LSC during faults is 
limited by the reduced grid voltage and converter current limits. This leads to a power imbalance 
between LSC and MSC. To protect the DC circuit against over-voltages, a DC chopper is used to 
dissipate the excess power. 
3.3.3.1 Line side converter (LSC) control 
The LSC control of the full-size converter is very similar to that of the DFIG. The only 
significant difference is that the whole generated power is fed into the grid through the converter. 
Additionally, the LSC has to provide the whole reactive current for grid voltage support during 
fault as well as in steady-state. The control structure of the LSC is shown in Figure 3-18. 
3.3.3.2 Machine side converter (MSC) control 
In steady-state operation the performance of the PMSM is described by the following system of 
equations: 
                (3-55) 
                          (3-56) 
where            (3-57) 
            (3-58) 
Equations (3-55) and (3-56) are used to develop the current control loop of the machine side 
converter. The voltage drop over the stator resistance is used as an auxiliary signal controlled by 
a PI controller. Figure 3-21 shows the requisite current control structure and the transformations 
required. 
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Figure 3-21 MSC current control of a PMSG based wind turbine 
The transformation between the stator and rotor coordinate systems requires the angle α which is 
the angle between stator voltage and rotor q axis and can be calculated from: 
                   (3-59) 
         [
  (  )
  (  )
]     (3-60) 
An alternative approach is to measure the rotor position angle with respect to the terminal 
voltage. In a simulation environment all angles are known, and, therefore, no additional effort is 
necessary.  
The active current reference delivered by the active power controller ensures the injection of the 
active power generated by the wind through the blades. The reactive current control channel is 
usually used to keep the PMSM terminal voltage constant. Synchronous machines with DC 
excitation can take care for this task. Therefore, reactive power generation by the machine side 
converter is not necessary.  
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3.4 Wind turbine generic model 
The generic model can be deduced from the quasi stationary model derived in Chapter 3 through 
equations (3-17 to (3-24), but for more practical implementations it is convenient to use stator 
currents instead of voltages as input variables in (3-23). After eliminating stator voltage by using 
the relationships demonstrated in Figure 3-10 one receives the state equations written in the 
components form: 
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[  (             )    ] (3-63) 
Figure 3-22 shows the coupling and the interaction of the generic model with the grid. The 
solution process carried out basically in two steps: 
1) Solution of algebraic grid equations with nodal voltages as results 
2) Solution of the differential equations of the induction machines. 
 The state variables rotor flux linkages define the voltage source that acts behind the transient 
impedance that is part of the grid equations. The simulation proceeds for solutions of grid and 
machine equations alternatively.  
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Figure 3-22 Quasi stationary mathematical model of the DFIG 
3.4.1.1 Rotor side converter (RSC) model 
The RSC control in a DFIG is responsible for the control of active and reactive power. The 
active power reference is derived from the tracking characteristic of the turbine with the 
objective of adjusting the generator speed for maximum power generation corresponding to a 
given wind speed. The outer power control loop of the RSC provides the set values for the inner 
rotor current loop.     
After setting the derivative term in the voltage equation to zero and some re-arrangement, we 
have:  
           (  
        
   
     ) (3-64) 
The voltage drop over the rotor resistance is used as an auxiliary signal to be controlled by a PI 
controller. With the feed forward terms accounted for, the PI rotor current controller only needs 
to put into effect the transition of the rotor current to the set value and compensate for the stator 
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and rotor resistances. The corresponding current control loop is shown in the upper part of Figure 
3-23. 
 
Figure 3-23 Block diagram of quasi stationary model of DFIG including rotor current control 
The line side converter primarily controls the DC link voltage, which in simplified simulations 
can be assumed to remain constant around the rated value and thus not considered. However, the 
magnitude of the current set value for the LSC is limited in accordance with the converter rating 
with a priority for the active current. Although the model of the LSC is not incorporated 
explicitly, the current limitation will be considered in the generic model. 
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4. Modeling wind turbines in the Ethiopian power system  
The last two decades have seen the transition of wind power from the fringes to the mainstream 
of electric power generation technology, achieving in the process a substantial breakthrough in 
terms of installed capacity. As the current power systems have largely been built on the 
traditional conventional generation as the backbone, uncertainty in wind speed forecasting 
coupled with distinct operational behavior of wind power introduces a new set of challenges 
regarding plant integration as well as proper system and market operations including power 
balancing, the provision of ancillary services and overall system security. As it is discussed in 
chapter three of this thesis modern wind turbines come with power electronic based converters 
with fast acting controllers, which provide control options with speed of response that are 
normally superior to those used in conventional synchronous machine based generation plants. 
The flipside of the fast response and the physical presence of converters between the wind 
turbine and the grid is that wind plants have the effect of reducing the overall inertia of the 
system by effectively shielding the machine’s rotating masses from the grid. As is well known, 
the immediate effect on conventional synchronous machines of any change in frequency caused 
by a disturbance in the grid is the charge or discharge in the kinetic energy of the rotating masses 
until the rate of change of frequency becomes zero. With the absence or reduction of the inertia 
as a medium of energy storage, converter based wind turbines are capable of only limited or no 
inherent inertial response.  
A number of large offshore and onshore wind farms are already connected to the network via 
high voltage lines, and there is now over a decade of experience regarding the impact of such 
installations on the system. Based on these experiences many system operators issued grid codes 
specifying the performance requirements by wind farms during normal operation and 
contingency situations. There are however facilities, especially in developing countries, with 
moderate power generation capacity that are linked to the grid through medium voltage overhead 
lines specifically designed for the transport of the wind farm output and thus usually representing 
a weak link to the grid. It is not yet clear to what extent the grid code requirements in terms of 
plant behavior vis-a-vis the grid during contingency situations can directly be supplanted to such 
smaller plants. This thesis specifically deals with the modeling of such low short circuit ratio 
systems. The first task in this context is the development of a methodology for deriving a 
satisfactory model which takes the unique features of a weak grid into account and leads to a 
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more exact aggregate model of the wind farm. Using the model thus derived the behavior of the 
wind farm during the fault ride-through and the transient voltage recovery phase at the grid 
interconnection point following a fault will be studied.  
However, Wind based power generation in its present scope is still an evolving technology and 
standardized dynamic models are not yet available. Manufacturer specific models which may be 
available to wind farm operators are usually considered company secrets, thus not openly 
accessible in large scale system studies. Moreover, with the current level of penetration of wind 
power a comprehensive system study would require dataset of a wide range of turbine types and 
technologies, which is impractical. The complexity of the system is another challenge which 
results in unacceptable computational effort if a large number of wind turbines were to be 
modeled. One solution therefore is the use of generic model, which does not require nor reveal 
proprietary data from the turbine manufacturers.  
This chapter deals with the development of dynamic equivalent model for a wind farm and its 
application for dynamic and transient stability studies. The basic steps for the derivation of a 
generic wind turbine model are summarized and a simplified generic wind farm dynamic 
equivalent is introduced. The parameters of the model are determined using a heuristic parameter 
identification technique called Mean Variance Mapping Optimization (MVMO). Using sample 
simulation results of both the detailed and the generic model, the suitability of the generic model 
and the associated heuristic parameter identification method is evaluated. The model derived is 
then applied for the study of a medium-sized wind farm which is integrated to the Ethiopian grid 
system, and the steady state as well as the dynamic performance of the interconnected system is 
analyzed [38].  
As it is discussed in chapter 2, within the next 3-4 years, it is expected that comparatively large 
amount of wind capacity will be added to the Ethiopian power system. The increase in the level 
of penetration of wind energy generation in to the weak grid of the Ethiopian power system 
poses significant questions concerning the ability of the power system to maintain reliable 
operation. These generic dynamic models enable to study and analyze the dynamic behavior of 
the power system during interconnection of large wind farms. This type of model is used in all 
transient studies of subsequent chapters.    
C h a p t e r  4  
 56 
4.1 The characteristics of weak grids 
The term ‘weak grid’ in a general context with or without wind turbines implies that the voltage 
at the point of common coupling is not “stiffly” constant. The defining feature of a weak grid 
therefore is the poor voltage regulation at the point of common coupling. Weak grids are 
generally found in remote places where the feeders are long, and are typically operated at 
medium voltage level. Since there is a high probability of the standard voltage values being 
violated, it is necessary to consider possible voltage fluctuations and limit violations in weak 
grids. In general, without wind power the issue of interest is the limit in the amount of power that 
can be delivered to remote loads.  
In wind farms operating on weak grids are typically connected through dedicated medium 
voltage overhead lines specifically dimensioned for the transport of the wind farm output. To 
compensate for the voltage drop on the impedance of the feeder linking up the wind turbine to 
the grid, the voltage at the terminals of the wind farm can be raised to a certain degree. But when 
the upper limit is reached, the excessive voltage can have a limiting effect on the power from the 
wind farm being absorbed by the grid at point of common coupling. When wind farm is operated 
on weak grid, the poor voltage regulation at the point of common coupling in combination with 
the fluctuating nature of wind power and stochastically changing system load can produce a 
voltage profile at the point of common coupling and beyond, which can adversely affect the 
overall power quality in the system. One can consider control measures in the wind farm or 
compensation techniques at the point of common coupling to improve the situation. The strategy 
may involve regulation of the voltage at the wind farm so that voltage fluctuation is mitigated 
and the power quality enhanced. 
The following figure (Figure 4-1) reveals this fact by connecting wind turbines at one of the 
remote end substations of the Ethiopian power system. This substation is one of the candidate 
substation for connection of 300 MW of Ayisha wind farm. In the figure, four buses N50, N49, 
N47 and N40 are considered to illustrate voltage profile of a weak grid. The voltage level is 
shown for no wind farm connection and with wind farm connection both for maximum and 
minimum loading conditions. 
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Figure 4-1  Feeder voltage profile with wind farm and with no wind farm connection 
When no wind turbines are connected to the grid the main concern for utilities is that minimum 
voltage level which will be experienced at the far end of the feeder when consumer load is at its 
maximum. So the normal voltage profile for a feeder is that the highest voltage is at the 
substation bus bar and it drops to reach the minimum at the far end (curve 1 of Figure 4-1).  
Therefore the settings of the transformers by the utility during low load is such, that the voltage 
at the consumer closest to the substation will experience a voltage close to the maximum value 
(curve 2) and that the voltage is close to the minimum value at the far end when the load is high 
(curve 1). This operation ensures that the capacity of the feeder is utilized to its maximum. 
The situation is completely different when wind turbines are connected to the feeder. Due to the 
power production at the wind turbine the voltage level will be higher than in the no wind case 
(curves 3 and 4). The voltage level can even exceed the maximum allowed when the consumer 
load is low and the power output from the wind turbines is high (curve 4). This is what limits the 
capacity of the feeder. The voltage profile of the feeder depends on the line impedance, the point 
of connection of the wind turbines and on the wind power production and the consumer load. 
Considering a simple single load case the voltage rise over the grid impedance can be 
approximated as: 
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 (4-1) 
This relationship indicates some of the possible solutions to the problem with absorption of wind 
power in weak grids. The main options are either a reduction of the active power or an increase 
of the reactive power consumption or a reduction of the line impedance. 
4.2 Generic wind farm model 
The detailed models can be used to develop the simplified generic model which is valid for both 
the Doubly-Fed Induction Generator and full converter based wind turbines. 
Generic models in general: 
 are simplified to the extent that the models are capable of reproducing only the  
phenomena affecting the power system stability 
 do not necessarily represent specific control architectures or rely on parameters of a 
particular wind turbine  and as a result the same model is capable of simulating wind 
turbines of different manufacturers or even turbine concepts 
 allow modeling of whole wind farms consisting of any realistic number of wind 
turbines with relative ease. 
The required generic models include the aerodynamic model of the turbine, a model for the shaft 
coupling and the gearbox, generator model and models for the power electronic circuits and 
controllers.  
4.2.1 Aerodynamic and drive-train models  
Power and torque developed by the air mass streaming through the turbine swept area are highly 
non-linear functions of pitch angle and rotor tip speed ratio. The current practice of modeling 
wind turbine aerodynamics for transient stability studies generally involve the use of the power 
coefficient curve (Cp) which relates the power extracted by the turbine to the total power content 
of the streaming air mass. This coefficient is a property of the airfoil characteristics and is 
manufacturer-specific. The objective in this context is to find a replacement for the Cp curve akin 
to the traditional turbine-governor model. In [22], the block diagram of such a model is provided. 
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There are, however, no generally accepted standard models at this point in time only initial steps 
and tentative proposals. MW-class wind turbines have rotor inertia constants in the order of 
several seconds. Thus, the rotor speed change, and hence the rotor tip speed ratio (Δλ), is 
relatively small for the disturbances of interest in a typical transient stability study. This suggests 
a possibility of linearization of the power coefficient around initial operating points [39]. 
The motivations for the development of generic wind turbine drive-train models are similar to 
those for the generic aerodynamic models. The level of detail in current models provided by 
individual manufacturers varies over a wide range from rigid-mass to multi-mass representation. 
The fast torque response of the power electronics in variable speed machines allows for damping 
of various natural frequencies present in the drive-train to prevent wind turbine generator 
damage, but these damping algorithms are highly manufacturer-specific and proprietary. 
It is generally accepted that power transients occurring at the individual wind turbine output 
terminals due to wind turbulence and tower shadow effects are effectively statistically filtered in 
a plant with a large number of spatially distributed turbines and thus the equivalent model of the 
plant can be approximated by a single mass under pseudo steady-state conditions [40].    
4.2.2 Generic model of DFIG and its control system  
A comprehensive system study for a large system involves the simulation of a large 
interconnected system, spanning national boundaries, operated by different transmission system 
operators, and incorporating wind turbines of multiple manufacturers and technologies. While 
the manufacturer-specific models enable the simulation of individual units as well as wind farms, 
the effort required to put together such a large data set makes this approach impractical. For 
preliminary system studies or estimating grid code compliance, therefore, the current trend is 
directed at the use of open source generic models with parameters that can be calibrated to 
conform to any given technology or topology.  
The generic model is derived with the quasi stationary model as the basis by making the   
following simplifications: 
 The rotor flux feedback through the term  (     ) is neglected 
 The feed-forward term containing the slip (s) as factor not considered 
 The rotor current in per unit is assumed to be equal with stator current (magnetization 
current is neglected) 
C h a p t e r  4  
 60 
 The line side converter is not considered explicitly. 
Simplification of the quasi stationary model in accordance with the above list results in a generic 
model. As stated above, the LSC model is not included. Also, the air gap torque of the machine 
is assumed to remain constant, and thus the equation of motion is not considered. An overview of 
the DFIG based wind turbine system configuration including the control system is shown in 
Figure 3-16 of chapter 3. 
As a result of the assumptions and simplifications, direct calculation of the model parameters is 
not possible. One possible way to determine the parameters is comparing the simulation results 
based on the simplified model with measurement results and employing a heuristic optimization 
to determine parameters that minimize the error. 
 
 
Figure 4-2  Generic model of variable speed machine 
4.2.3 Generic model of the full size converter machine and its control system 
The machines used in conjunction with the full size converter are separately or permanent 
magnet excited generator (SG) and asynchronous generator (ASG). But due to the presence the 
dc link capacitor, the machine including the machine side converter does not directly influence 
the grid behavior. The generator and the MSC can therefore be modeled as just a controllable 
current source. 
A typical configuration for the full size converter machine is shown in Figure 4-3. 
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Figure 4-3 Full size converter based wind turbine system configuration including the control 
system 
Assuming that    is the impedance of the converter choke,     is the transformer impedance, the 
current source can be determined as: 
      
  
 
 (4-2) 
where 
    = voltage injected by the converter and            
The corresponding Norton equivalent circuit is given in Figure 4-4. 
 
Figure 4-4  Current source (Norton) equivalent of the generator and the MSC 
As stated above, the machine itself can be considered a controlled current source and the 
converter as a first order delay. The resulting block diagram of the full converter machine 
including the control system is given in Figure 4-5. 
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Figure 4-5  Block diagram of current controller, converter and current source 
This representation, after some simplification and re-arrangement, leads to the same generic 
model developed for the DFIG in Figure 4-2. 
4.2.3.1 Current limitation equations 
The output current limitation may be necessitated by physical, control or dynamic limits. Short 
term thermal current limitations define physical limits for the maximum current the system can 
feed into the grid. For the DFIG and full converter machine, these current limits are determined 
by the converter, which has a much shorter time constant than the generator. Normally active 
current priority is applicable during steady state operation, while reactive current priority may be 
used during very low or high voltage conditions. Depending on the type of priority setting 
applicable, the maximum allowable active or reactive current can be defined as follows: 
 
       √          
                                         or 
       √          
(4-3) 
in which     = maximum allowable current,        = maximum allowable active current,        
= maximum allowable reactive current,    = actual active current,    = actual reactive current, 
Active and reactive current output may further be limited as a function of the voltage. Some of 
the reasons that may necessitate the reduction of the active current may be reactive current 
priority during grid faults, active current restriction to fulfill specific grid code requirements, 
active current restriction as the result of the voltage going outside the standard operating range 
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and grid stability limits, especially at weak connection points. Similarly, reactive current 
limitation may be needed as a result of active current priority during steady state operation. 
Dynamic control limits are needed to allow for an improved representation of active power 
restoration process following a grid fault. Common reasons that give rise to ramp rate limitation 
after a grid fault are the need to limit shaft and gear box loads and due to limits on rate of change 
of the dc link voltage. Control delays in the converter, the settling time needed by the PLL to re-
synchronize after deep voltage sags and phase angle jumps following fault clearance may act to 
slow the active power increase. Manufacturers implement the delay as first order lag or as a 
linear ramp rate limitation. The model preferably should allow for both implementations.  
4.2.4 Derivation of a general generic wind farm model  
Fault ride-through is now a general requirement on wind turbines. Accordingly, wind turbines 
must remain connected to the grid during faults by introducing new technologies, if need be. 
Fault ride through of wind turbines is necessary at least for two reasons: 
 To be able to continue with active power in-feed immediately after the fault 
clearance.  
 To provide voltage support during and after the fault period to reduce the size of the 
voltage dip area within the grid. 
The model is extended to account for this operational requirement by incorporating a block 
which increases or reduces the reactive power in-feed whenever the voltage exits a dead-band of 
10 % above or below the rated value. The issue of fault ride through is discussed much in detail 
in chapter 6. 
Figure 4-6 represents the simplified generic model in its final form which can be applicable to 
both types of wind turbines – DFIG and FSCG 
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Figure 4-6  Wind turbine generic model  
The voltage source is supplied by two delay blocks (one each for the d, and q components) 
representing the electrical machine (DFIG or FSCG) and the converter delay. This part of the 
model is in grid synchronous coordinates. The controllers represented by PI blocks operate in 
terminal voltage oriented coordinates in which the real component of the current corresponds 
with the active current and the imaginary component with the negative of the reactive current. 
Consequently, both controllers perform active and reactive current (power) control. For 
simplicity in this paper the authors assumed that the reference for reactive current is provided by 
a terminal voltage controller and the active current reference is calculated from the active power 
which is assumed constant in this example. The last assumption is applicable for 1-2 seconds 
following the grid disturbance. For longer simulation durations modeling of the speed controller 
including the equation of motion may be necessary [41]. The magnitude of the current reference 
is limited to a maximum allowed for the converter system. As can be seen from the model there 
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is no separate representation of MSC and LSC. Also the parameters do not correspond to any of 
the real controller parameters, rather characterize the aggregated values. 
4.3 Technique for model parameter identification 
The use of generic models means that the controller parameters cannot be derived directly from 
the mathematical relationships describing the generator - converter system, and some form of 
numerical identification methods have to be used. One option for parameter estimation is using 
time domain identification techniques on the basis of measurement or detailed simulation results. 
However, nonlinearities (control limitation, coordinate transformation) and the additional 
computational effort in each iteration step resulting from it make the application computationally 
inefficient. 
The parameter identification formulated as an optimization task is illustrated in Figure 4-7. Of 
the alternative heuristic optimization methods, mean variance mapping optimization has been 
chosen in this example. It provides excellent performance in terms of the accuracy of the generic 
model parameters obtained and the convergence behavior. The fitness evaluation is performed 
using time domain simulation in each iteration step. MVMO shows better convergence behavior 
in comparison with other heuristic methods. An in-depth description of the algorithm can be 
found in [42].  
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Figure 4-7  Parameter identification using MVMO 
4.4 Demonstration example 
One of the objectives of this chapter is to demonstrate that a wind farm of any size and 
complexity can be simulated using a simplified generic model given in Figure 4-6.  That means 
the turbines together with their controllers, all the elements of the collector network and the 
feeder linking the wind farm to the point of common coupling are all to be represented by a 
Thevenin equivalent (Figure 4-7) with the voltage source controlled by a PI controller.  
 
Figure 4-8  Simplified test network with equivalent generic wind farm model 
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The task of determining the parameters of the Thevenin equivalent as well as the controller is 
performed in two stages. First, the wind farm and all its components are modeled with the 
necessary level of detail while the rest of the system is represented by an infinite bus. 
Simulations are then conducted for different fault scenarios and the results stored for reference. 
Using the results obtained in the detailed simulation as a reference the optimization problem to 
determine model parameters which minimize the deviation from the original result is solved. 
The wind farm in this particular case consists of 30 wind turbines each with 1 MW nominal 
power. The wind turbines and the corresponding control system including speed and pitch 
control are described using detailed models. The maximum allowed integration time step is 1 ms. 
The simulation time extends to a level of about 10 minutes when considering all 30 turbines 
modeled in detail are integrated in to the large grid.  Therefore, the whole wind farm is replaced 
by the generic model shown in Figure 4-8 which includes a much smaller number of state 
variables and permits the simulation time to decrease dramatically to around 4 ms. For the 
identification of parameters four short circuits have been simulated using the detailed model, and 
the active and reactive power, (P(t) and Q(t)) supplied at the 33 kV bus bar as well as the bus bar 
voltage (V(t)) have been stored as reference signals.  
The simulated short circuits differ in the value of fault impedance used to simulate the short 
circuit. The identification process is carried out for each fault separately and also for all four 
faults simultaneously. In the latter case the partial objectives are combined to one overall 
objective. Thus the identification result is the aggregation over all fault scenarios. Table 4-1 
shows the identified model parameters. In case the identification is performed using a single fault 
scenario the parameters may move to partly unrealistic ranges. Therefore, it is recommended to 
identify the generic model parameter for several faults simultaneously. 
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Table 4-1  Results of parameter identification 
Para- 
meters 
Fault 1 Fault 2 Fault 3 Fault 4 
All 
Faults 
R() 0.499 0.699 0.799 0.799 0.499 
X () 9.926 10.633 10.407 11.313 10.405 
kI (pu) 28.152 29.732 35.053 25.668 34.678 
TI (s) 0.139 0.011 0.013 0.015 0.012 
TV (s) 0.112 0.152 0.145 0.106 0.146 
imax (pu) 1.027 1.034 1.044 1.053 1.034 
kVC (pu) 2.727 2.456 2.501 2.439 2.653 
 
In Figure 4-9 and Figure 4-10 four different fault scenarios (Fault 1 to Fault 4) have been 
simulated. As can be seen from the figure the generic model will unavoidably result in minor 
errors. But as long as the simplifications do not stunt the model fundamentally, and the 
underlying physical phenomena remain visible, it represents acceptable compromise given the 
difficulty of obtaining manufacturer-specific or standard models. 
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Fault 1 Fault 2 
 
  
  
  
Figure 4-9  Comparisons of P-Q time responses to three phase short circuits for Fault-1 and 
Fault-2 
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Fault 3 Fault 4 
 
  
  
  
Figure 4-10 Comparisons of P-Q time responses to three phase short circuits for Fault-3 and 
Fault-4 
In conclusion, it can be stated that the most significant advantage of the generic model is that it 
keeps the modeling of wind turbine as simple as possible, yet the accompanying loss in accuracy 
for preliminary system studies or estimating grid code compliance remains within acceptable 
limits.  
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In the following sections, still for the purpose of comparisons between the generic model 
obtained using the procedure outlined above with the detailed model assessment is done for the 
impact of wind power connected to the grid via a weak link to the rest of the system. 
4.5 Limitation of the generic model for wind impact assessment in 
the Ethiopian grid 
The network under consideration involves Ashegoda wind farm which has been introduced in 
chapter 2 with partial capacity of 30 MW. Before detailed simulation studies were carried out the 
parameter identification procedure was tested once again using the Ethiopian grid and 
comparisons were made between the results obtained in the detailed model on the one hand and 
the generic model on the other. For this purpose three phase short circuit of 150 ms duration was 
introduced at a location near the point of common coupling (the 230 kV bus on Figure 2-9), and 
the results are given in Figure 4-11 and Figure 4-12. The swing curves of two generators at two 
different locations are shown in these figures. Tekeze hydropower plant (TK) is about 103 km 
from the wind farm and the other Gilgel Gibe II power plant (GG) is more than 1000 km away 
from the point of common coupling. The results obtained using the detailed as well as the 
generic models are almost identical, justifying the assumption that the adequacy of the generic 
model to accurately reproduce the behavior of the wind farm. In the following figures GG-g and 
GG-d represents time responses curves of Gilgel Gibe power unit with generic and detail wind 
farm model respectively. TK-g and TK-d also represents time response curves of the Tekeze 
power unit with generic and detail wind farm model respectively. 
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Figure 4-11 Power-Angle deviations with generic and detail wind farm model. From above: 
Gilgel Gibe (GG), Tekeze (TK) hydro power plant units 
 
 
 
 
Figure 4-12 Generator terminal active power with generic and detail wind farm model. From 
above: Gilgel Gibe (GG), Tekeze (TK) hydro power units 
4.5.1 Steady state impact of the wind farm using the generic model 
The simulated system steady state wind farm impact analysis includes 200 buses, 134 
transmission lines, 113 transformers, 35 hydropower generating units and 30 wind turbines of 1 
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MW rating each. Voltage profile from load flow simulations shown in Figure 4-9 depict that the 
wind farm will have strong influence on the voltage profile in part of the grid in its environs. In 
the figure, bus N620 is the point at which the wind farm is connected to the rest of the grid 
system and NTK2 is one of the hydro generators bus bar which is relatively nearer to the point of 
common coupling.  It is perceptible that voltage profile is nearly identical during without wind 
farm (No WF- blue bar) connection and with wind farm connection (with WF- red bar) for buses 
N620 and NTK2. The voltage profile with wind connection starts to deteriorate as the buses gain 
distance from the point of common coupling (buses N418, N422, N553 are good examples for 
this). It is mainly due to the fact that the wind farm creates a new capability to control the voltage 
at the vicinity of the point of common coupling by injecting or absorbing reactive power. This 
will of course depend on the wind speed situation. When there is enough wind, the real power 
will have priority and the reactive power needs to be curbed, which limits the operational 
flexibility. However, the long transmission line and the weakness of the link to the wider 
network restrict this benefit to the part of the network around the wind farm. 
 
Figure 4-13 Load flow 230 kV voltage profile for buses at different location of the Ethiopian grid 
system 
4.6 Conclusion 
In this chapter the feasibility of a generic model for large scale system study discussed at 
conceptual level and applied to a 30 machine 30-MW wind farm which is part of the Ashegoda 
wind farm of Ethiopian grid system. It is seen that the model is accurate enough for power 
system stability analysis and can be used for any wind farm irrespective of type and number of 
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wind turbines. All parameters of the generic model are not readily available and on the bases of 
measurement and detailed simulation results identification method is needed. This task was 
carried out by using the advantage of the newly developed and introduced heuristic optimization 
technique called MVMO. The model parameters are calculated for four fault scenarios and four 
time domain simulation runs are executed in each iteration step. The degree of accuracy of the 
generic model is high enough as it is verified by the comparisons made with the detailed model. 
Comparisons of the two models are once more tested for the stability indexing parameters of two 
generators at different locations.  It is seen that the generic model almost perfectly matches the 
detail model. Furthermore, recognizing the satisfactory result achieved, the generic model 
developed by the same approach is used for all transient stability studies carried out in this 
research.  
  
5. Impacts of wind generation on the Ethiopian power 
system 
Wind installations today are to be found in most parts of the world and in all continents. For 
developing countries, the emergence of wind power has opened up new perspectives for 
electrification of un-served areas in decentralized, off-grid applications. There are also many 
wind based generation facilities with moderate power generation capacity, in which wind farms 
are connected to the grid through medium voltage overhead lines specifically designed for the 
transport of the wind farm output and thus usually representing a weak link to the grid. On the 
other side a large number of offshore and onshore wind farm feed into networks spanning whole 
continents giving rise to quite a different set of operational considerations. Whether the wind 
farm is part of a vertically integrated system or operating in a liberalized market environment 
adds to the list of issues that have operational implications. As the current power systems have 
largely been built on the traditional conventional generation as the backbone, uncertainty in wind 
speed forecasting coupled with high penetration of wind power introduces a new set of 
challenges regarding plant interconnection and integration as well as proper system and market 
operations including power balancing, the provision of ancillary services and overall system 
security [38].  
Experiences to date indicate that wind has both positive and negative impacts on power system 
dynamics. On the one hand, modern wind turbines come with power electronic converters with 
fast acting controllers, which provide control options and speed of response that are normally not 
available in conventional synchronous machine based generation plants. The flipside of the fast 
response and the physical presence of converters between the wind turbine and the grid is that 
this configuration has the effect of reducing the overall inertia of the system by effectively 
shielding the machine’s rotating masses from the grid. As is well known, the immediate effect on 
conventional synchronous machines of any change in frequency caused by a disturbance in the 
grid is the increase or decrease in the kinetic energy of the rotating masses until the rate of 
change of frequency becomes zero. With the absence or reduction of the inertia as a medium of 
energy storage, converter based wind turbines are capable of only limited or no inherent inertial 
response. With the current trend of ever-increasing wind installations, it becomes necessary to 
understand whether there is a level of wind generation beyond which significant changes in 
system performance or other operational difficulties emerge, or more pointedly whether there is a 
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fundamental limit to installed wind capacity. As a result, to what extent the critical stability 
mechanisms in power system are affected by the presence of wind power is an issue of this thesis 
[43] 
This chapter attempts to provide an overview of the effect of wind on dynamic behavior of the 
system with particular emphasis on the Ethiopian grid (Figure 2-2). On the basis of the models 
derived from the previous chapter representative fault scenarios are simulated on a test network 
to highlight typical responses of variable speed wind turbine configurations to such faults. The 
intention here is to assess whether the wind farm once completed and connected to the grid will 
be able to contend with possible post fault voltage recovery process in the event of faults at 
critical locations or whether active voltage controlling devices might be needed to enhance the 
safety margin and preclude a voltage collapse following a grid fault. 
5.1 Effects of the wind farm on operational indices of the system 
The emphasis in this section is - using the generic model of a variable speed wind turbine 
discussed in the preceding sections- to study the effect of increased wind power generation on 
the transient stability performance of the interconnected system. Using the Ethiopian grid system 
as test network (Figure 2-2), a symmetrical three-phase fault of 150 ms duration was introduced 
at two selected bus lines: N620 and bus N626. Bus N620 is the point of common coupling for 
Ashegoda wind farm and N626 represents a bus for the farthermost generators at Melka Wakena 
(MW) hydro power plant. The output power of the wind turbine was increased in stages from 
zero output power to 30 MW, 60 MW and then to 120 MW replacing the hydro power generator 
units with the respective output, which is a significant portion of the overall demand of the 
country. The resulting swing curves of the two synchronous generators at two different locations 
– one is Beles (BEL) hydropower generator which is about 300 km away from the wind farm and 
the other is Melka Wakena (MW) hydro power which is more than 1000 km away from the point 
of common coupling. Simulation results are shown in Figure 5-1 to Figure 5-6. 
In all of the following figures, BEL_0, BEL_30, BEL_60 and BEL_120 represents time domain 
curves for  the generator of Beles power plant when no wind, 30 MW, 60 MW and 120 MW 
wind respectively is incorporated in the system. Moreover MW_0, MW_30, MW_60 and 
MW_120 represent the same, but for the generators of Melka Wakena hydro power plant.  
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During Fault at N620 which is relatively near to the wind farm operational variables of the 
system for both generators increase with an increase in wind share but with different degrees 
(Figure 5-1 to Figure 5-3). This is an indication that the larger the share of wind power 
generation, the worse will be oscillation that follows the fault. During fault nearer to distant 
generator - N626, the effect of wind turbines on voltage variations is almost negligible, but for 
the same fault, the generator near to the wind farm increasingly oscillate with an increase in wind 
capacity (Figure 5-5 and Figure 5-6). However, the power angle curve in  
Figure 5-4 behaves differently, that the stability of distant generator which is now nearer to the 
fault but still far away from the wind farm connection is improved as wind capacity increases.  
The voltage variation curves in Figure 5-3 and Figure 5-6 depict that increased wind turbine 
capacity with fault ride-through capability improves the voltage profile of a distant bus (relative 
to the fault point) during fault. In the absence of additional measures, the critical fault clearing 
time increases as the share of wind power generation increases. Although variable speed wind 
turbines are capable of restoring the real power output quickly to the pre-fault value following 
the fault clearance - crucially as far as the transient stability performance of the whole system is 
concerned - the reactive power support by the wind turbines at point of common coupling is 
limited. 
It is also observed that when the fault is at the point of common coupling the effect of increasing 
wind capacity is more pronounced in generators nearer to the wind farm than that of the 
generator afar.  
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5.1.1 Fault at the point of common coupling   
 
Figure 5-1  Power-angle deviation during the fault at point of common coupling. From left: near 
to the wind farm, far away from the wind farm 
 
 
Figure 5-2  Active power deviation during fault at point of common coupling. From left: near to 
the wind farm, far away from the wind farm 
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Figure 5-3  Voltage deviation during fault at point of common coupling: From left: near to the 
wind farm, far away from the wind farm 
5.1.2 Fault at other critical buses (N626) 
 
Figure 5-4  Power – angle deviation during fault at MW bus. From left: near to the wind farm, 
far away from the wind farm 
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Figure 5-5  Active power deviation during fault at MW bus. From left: near to the wind farm, far 
away from the wind farm 
 
Figure 5-6  Voltage deviation during fault at MW bus. From left: near to the wind farm, far away 
from the wind farm 
When the fault is at the point of common coupling the effect of increasing wind capacity is more 
pronounced in generators nearer to the wind farm than that of the generator afar. Another fact is 
that when fault is far from point of common coupling but near to the furthest generator, the effect 
of wind on parameters such as power and voltage deviations of the furthest generator is seen 
almost negligible. 
All the facts observed in the above figures depict that the impact of the level of wind turbine 
output on the operational variables is limited to the vicinity of the wind farm except the power 
angle characteristics. As the capacity of wind turbines replacing the conventional generators 
increase, system inertia falls due to the decoupling of the mechanical rotor from the grid and 
power angle oscillation will propagate throughout the system. Although wind turbine output 
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level affects the shape of oscillation of rotor power angle characteristics, it hardly affects the 
damping. The time for oscillation to die out was similar with that of the no wind case.   
5.1.3 Comparison of critical fault clearing times 
The critical fault clearing time involves in determining how long a fault in the power system can 
persist before one or more generating units lose synchronism with the power system. If a fault 
persists on the power system beyond the critical clearing time during large disturbances 
generators may lose synchronism with the power system and be disconnected by their own 
protection systems. The critical fault clearing time may depend on a number of factors such as: 
 the nature of the fault; 
 location of the fault with respect to the generators; and  
 the capability and characteristics of the generating unit.  
The calculation of the critical clearance time for a generating unit for a particular fault is 
determined by carrying out a set of simulations in the time domain in which the fault is allowed 
to persist on the power system for increasing amounts of time before being removed. The critical 
clearance time is the maximum time that the fault can persist before being removed before the 
generating unit loses synchronism [44]. 
The critical fault clearance times associated with selected few critical 230 kV buses in the EPS 
with different levels of wind generations are analyzed and the results are given in Table 5-1 . 
Table 5-1  Critical fault clearance times (s) 
Wind generation 
output (MW) 
Fault location 
N626 N420 N620 
0 >0.4 0.32 0.4 
30 >0.4 0.320 0.19 
60 >0.4 0.32 0.180 
120 0.230 0.31 0.155 
 
The results show that with an increase in wind generation the critical fault clearing time slowly 
decreases which indicates that the stability of the system slowly decreases with an increase in the 
penetration level of wind power. 
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5.2 Ethiopian wind generation scenarios 
For further study of the effect of wind farms on the performance of Ethiopian grid system 
specific datasets were created for the interconnected system and alternative scenarios were 
computed using a power system computation software package – PSD (which have been 
introduced in section (1.3). The scenarios developed for study purpose includes 4 groups of wind 
farms representing the Ashegoda, Mosobo, Nazreth-1 and Nazreth-2 wind farms for which a 
generic model developed in section 1 was implemented. Three scenarios were developed to 
investigate the impact of the integration of large wind farm into the Ethiopian power system. The 
total wind power capacity (sum of existing and expected) introduced for this study is shown  in 
the following table (Table 5-2). 
Table 5-2  Wind generation scenarios for wind generation impact study 
Substations 
Node  
Number 
 
Wind  
power 2012 - 
Scenario I 
Wind power  
2013 -  
Scenario II  
Wind power  
2015 -  
Scenario III  
(ICS) (MW)  (MW)  (MW)  
Ashegoda N620 30 120 120 
Mosobo N645 0 0 60 
Nazreth-1 N165 51 51 51 
Nazreth-2 N1167 0 0 153 
Sum  81 171 384 
 
5.3 Effect of wind generation on dynamic performance of  the EPS 
There are two types of stability concerns in power system analysis, dynamic stability and 
transient stability.  
i) Dynamic stability is mainly concerned with the ability of a system to return to its 
original operating condition following a small perturbation.  
ii) Transient stability is concerned with the ability of the synchronous machines of the 
system to remain in synchronism following a large perturbation, such as is caused by 
a three-phase system fault. 
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A straight forward approach for dynamic stability assessment is through eigenvalue analysis of a 
model of a power system. In this case, the small-signal disturbances are considered sufficiently 
small so that the equations representing the system may be linearized and expressed in state-
space form. Further the dynamic stability characteristics of the system can be evaluated by 
computing the eigenvalues and eigenvectors of the linearized system model.  
The criterion for stability is that the eigenvalues must lie in the left half complex plane. Any 
eigenvalue in the right half plane denotes an unstable dynamic mode and system instability. The 
way in which system operating conditions, system parameters and controllers influence dynamic 
stability can be demonstrated by observing their influence on the loci of critical eigenvalues, i.e. 
the eigenvalues furthest to the right in the complex plane. 
The main cause of transient instability in power system can be any severe disturbance such as 
sudden and large change in load, generation, or network configuration which is capable to 
initiate substantial imbalance between the input power supplied to the synchronous generators 
and their electrical power outputs. Usually the severe disturbance, under which transient stability 
is tested, is a three-phase short circuit on the network. Here, the duration of the fault and the time 
required by the protective equipment to clear the fault will play an important role in transient 
stability of the system. For a power system to attain transient stability during fault, the time 
required by the protecting devices such as relays and circuit breakers must remain less than the 
fault duration. As a matter of fact in systems consisting solely of synchronous generation, loss of 
synchronism is the normal mode of transient failure. However, in networks having mixed wind 
and conventional synchronous generation, transient failure may be encountered for other reasons 
such as the collapse of system voltage causing induction generator runaway. 
In this chapter both power system dynamic and transient stability studies are conducted using 
PSD simulation software (see section 1.5). Dynamic stability study is conducted using 
eigenvalue and eigenvector techniques while transient stability study is carried out using time 
domain response analysis for the determination of overall network characteristics of the EPS. 
The time response studies are used to simulate system performance following a three-phase fault 
on the high voltage transmission system. Examination of the damping of power system 
oscillations following large disturbance is used for assessing for assessing dynamic performance 
of EPS following large disturbances.  
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The eigenvalue studies is used to establish dynamic stability characteristics and look at the way 
that stability is influenced as the penetration level of wind generation capacity to the EPS 
network is increased. This particular study helps to determine how increasing amounts of wind 
generation integration will affect the capability of the power system to maintain synchronism 
following small disturbances. 
The approach followed is to investigate the small signal dynamic and damping performance of 
the existing Ethiopian power system and analyze the impact of three wind generation scenarios. 
The small signal stability of a power system can be investigated by applying the technique of 
analysis from linear system theory by formation of the linearized model of the nonlinear 
equations describing the power system. These technics provide the basis of small signal stability 
analysis and are based on the theory that if the linearized system is stable at the operating point at 
which linearization is performed the nonlinear system is then   stable at that operating point. 
5.4 Small signal model 
The small signal stability is the ability of the interconnected synchronous machines of a power 
system to remain in synchronism when the power system is subjected to small disturbances. 
These small disturbances always occur. Good examples are variations of load and generation. 
These variations are defined as small disturbances because they are sufficiently small for the 
linearization of system equations and applying eigenanalysis. Such variations result in power 
flow variations in the transmission system along with associated rotor angle variations. These 
rotor angle variations need to be sufficiently damped out to prevent the continuation of 
oscillations. With no damping, such variations can instigate power flow variations where the 
reduction of load in a group of machines is accompanied by an increase in load of another group 
of machines that are at a considerable electrical distance from the first group of machines. These 
variations can escalate into large magnitudes leading to the loss of synchronism [45]. 
Small signal instability can occur in two forms: 
i) Increase in rotor angle due to insufficient synchronizing torque, 
ii) Rotor oscillation due to insufficient damping torque.  
Generally a disturbance in a power system can cause a change in the value of the angle (Δδ) and 
speed (Δω) which in turn leads to a change in electrical torque ((5-1)). 
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               (5-1) 
Where 
      is known as synchronizing torque component which is in phase with change in rotor 
angle, ∆δ  
       is called the damping torque component which is in phase with change in speed,  
∆ω.  
Both parts of the electrical torque are involved in power system stability. Insufficient 
synchronizing torque leads to aperiodic drift in rotor angle and insufficient damping torque leads 
to oscillations. 
Modern power systems usually expreience the following types of electromechanical oscillations: 
 Local modes (0.7 to 2 Hz) 
 Intra plant mode (2 to 3Hz) 
 Inter area modes (0.1 to 0.7 Hz)  
 Control modes (> 4 Hz) 
 Torsional modes (10  to 46 Hz) 
The most commonly encountered among the above is local mode of oscillation which is located 
at a single power plant or in a small part of the power system and one generator swings against 
the rest of the system. 
During intraplant mode oscillation machines on the same power generation site oscillate against 
each other.  
Inter area modes represent oscillations between larger interconnected group generators within 
one area of a power system swinging as a coherent group against group of machines in other 
areas of the system connected by weak transmission lines.  
Control modes imply oscillations due to control of synchronous machines (governors, exciters) 
or control of equipment such as HVDC and SVC.  
Torsional modes imply oscillations due to turbine-generator shaft system rotational components 
[46], [47] 
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5.4.1 Eigenvalue analysis method 
The dynamic behavior of a power system can be described by a set of first order nonlinear 
ordinary differential equations and a group of nonlinear algebraic equations in the following 
form of vector matrix notation: 
   ̇   (       ) (5-2) 
    (       ) (5-3) 
    (       ) (5-4) 
in which     and     are the dynamic and algebraic state vectors respectively,  u and y are the 
input and output vectors respectively. 
Although power system is a nonlinear, it can be linearized by small signal stability at a certain 
operating point. The model that is linearized around this point is therefore only valid close to the 
operating point. Deviations in the operating point are described in the following equation, where 
the operating point is marked with the superscript 0. 
          
   (5-5) 
          
  (5-6) 
         (5-7) 
         (5-8) 
   ̇   ̇ 
    ̇   [(  
     ) (  
     ) ( 
    )] (5-9) 
As the deviations are small, a Taylor series expansion can be applied to the nonlinear function 
f(x, u). By neglecting the second and higher order powers of ∆x  and ∆u we get the following 
equation 
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   (5-11) 
Similar expansion can be applied to the functions g and h so that a linear differential algebraic 
matrix equation is derived and finally the linearized a linearized ordinary differential equation 
model of the system can be written in the following form: 
   ̇             (5-12) 
               (5-13) 
where 
   ,  y , and   u express state, output, and input vector, respectively; 
A, B, C, and D expresses the state, input, output, and feed forward matrices,   respectively. 
5.4.1.1 Damping ratio and linear frequency 
The eigenvalues of λ of A matrices can be obtained by solving the characteristic equation of A 
with vector Φ: 
        (5-14) 
 (    )     (5-15) 
    (    )    (5-16) 
This leads to the complex eigenvalues λ of A in the form 
        (5-17) 
The real part    represents the damping of the corresponding mode and the imaginary part 
represents the frequency (f) of the oscillation given by  
   
 
  
 (5-18) 
The damping ratio of this frequency is given by                     
 
2 2


 



 (5-19) 
The parameters ξ and   in the above equations are used for the stability prediction in this study.  
- When the eigenvalues have negative real parts, the original system is asymptotically 
stable. 
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- When at least one of the eigenvalues has a positive real part, the original system is 
considered unstable.  
5.4.1.2 Participation factor 
If λi is eigenvalue of A, Φi and ψi are none zero column and row vectors respectively such that 
the following relations hold: 
                           (5-20) 
where      is known as right eigenvectors of matrix A. The normalized relationship between the 
right and left eigenvectors is expressed as: 
                            (5-21) 
The participation factor is then given by the equation: 
      |   | |   | (5-22) 
where    is known as left eigenvectors of matrix A. 
The participation factor       is the measure of the relative participation of the k-th state variable 
in the i-th mode, and vice versa. In general the participation factors are indicative of the relative 
participation of the respective states to the corresponding modes [46], [48]. 
5.4.2 Small signal stability investigations 
In this thesis small signal stability analysis is applied to investigate how increasing amount of 
wind generation integration will affect the capability of the Ethiopian power system to maintain 
synchronism following small disturbances. The outcome of this investigation helps to develop 
insight in to the impact of wind generation on the damping performance of the system and the 
main factors associated with the wind generation scenarios that affect the performance. This 
investigation assesses the impact of three wind generation scenarios on the damping performance 
of the existing Ethiopian power system [49], [50]. 
5.4.3 Damping performance criteria 
In order to analyze the dynamic behavior of a power system a set of tools based on eigenvalue 
analysis must be applied. Such analysis is called modal analysis, because it identifies oscillating 
modes of the power system. In order to interpret the results of modal analysis to power system 
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requirements on damping of its oscillation modes have to be set. Oscillations in power systems 
are required to be damped in order to maintain stability. So far there are no published rules for 
the governance of Ethiopian power system to prescribe the damping performance standard. 
However, based on the experience of other countries the electromechanical modes of oscillation 
should have a time constant of about 12 seconds and this corresponds to a damping constant of 
about -0.083Neper/s.  Another rule of thumb is to require a damping ratio of 0.05 which gives a 
very small safety margin. Often a damping ratio of 0.15 is required in large interconnected 
systems and the same is applied in this thesis.  
To investigate the impact of wind generation on the damping performance of the power system, 
the approach followed is to compare the damping performance of a base case scenario which has 
no wind generation with a corresponding scenario in which wind generation is introduced in to 
the system by displacing an equivalent amount of synchronous generation. Also comparisons are 
made to assess damping performance of the system at different load conditions. The damping 
performance of the system with wind and without wind generation scenarios is compared on the 
basis of the eigenvalues of a linearized model of the system [51].  
5.5 Effect of system loading on damping performance of the EPS 
As was mentioned at the beginning of this chapter both times response simulation and eigenvalue 
analysis methods are considered in this study for the determination of overall network dynamic 
characteristics of the EPS. 
In this section, study cases are conducted to obtain the indication of the effect of system loading 
on the damping performance of the system [49]. The following comparisons of scenarios are 
conducted: 
i) minimum load  with no wind  generation (MinL_no wind) vs. maximum load with no 
wind generation (MaxL_no wind), 
ii) minimum load with maximum wind generation scenario (MinL_Sc3) vs. maximum load 
with maximum wind generation (MaxL_Sc3), 
iii) minimum load with no wind generation (MinL_no wind) vs. minimum load with 
maximum  wind generation (MinL_Sc3). 
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5.5.1 Damping performance comparison between the minimum and 
maximum load cases with no additional wind generation 
This comparison provides a basis to determine, for the maximum wind generation scenarios, the 
relative extent and significance of any differences between the damping performances of the 
system under minimum and maximum load conditions. 
a) Time response studies 
As referred to section 5.3, this case is considered to provide a base line scenario against which 
the transient and dynamic performance of the system with wind generation can be judged. 
Minimum and maximum loading condition with an installed capacity of 810 MW and 855 MW 
respectively are considered. For the analysis a three phase fault has been simulated at bus N420 
of 230 kV with a fault clearing time of 150ms. This bus is relatively near to generator FIN of 
Fincha hydropower plant. In figures (Figure 5-7 to Figure 5-9), time domain simulation of the 
rotor angle, active power and generator terminal voltage are presented for minimum and 
maximum load cases with four representative conventional generators of different locations: 
BEL – represent synchronous generator from Beles hydropower (North-West of the country) 
FIN – represents synchronous generator from Fincha power plant (approximate middle) 
MW – represents a generator from Melka Wakena power plant (South) 
GG2 – represents a generator from Gilgel Gibe II power plant (South) 
In all operational characteristics displayed in Figure 5-7to Figure 5-9 damping performance of 
the operational parameters deteriorate as the load increases and operating condition of the 
generator near the fault (in this case FIN generation plant)  considered proved quite onerous. 
Overall, the damping performance of the minimum load study system does not significantly 
differ from that of the maximum load study system. 
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Figure 5-7  Power angle deviation performance with no wind. From left: with minimum load, 
with maximum load 
 
Figure 5-8 Active power deviation performance with no wind. From left:  with  minimum load 
and, maximum load 
 
Figure 5-9 Generator terminal voltage with no wind. From left: minimum load, maximum load 
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b) Eigenvalue analysis 
The electromechanical modes of EPS in Figure 5-10 and the eigenvalues of the state matrix in 
Table 5-3 are presented below. In the table it is noticed that the least damping ratios is found to 
be 0.068 and 0.0677 which indicates that the amplitude of oscillation decays after about 7 cycles 
which is much in line with time response curves of  Figure 5-7  
The lightly damped oscillation both in minimum and maximum load cases involves the Beles 
hydro power plant, oscillating against the system. This is also clearly seen in time domain 
simulation of the power angle deviation in Figure 5-7. Damping ratios of this particular generator 
- BEL is 0.068 and 0.0677 for low and high load cases respectively. From modal analysis results 
of the system, the dominant state variable for both cases is proofed to be the speed (Omega) of 
generator number 1 of the Beles power plant. Beles power plant is situated at the North-West 
region of Ethiopia connected by 230 kV long transmission lines to the Northern region and 400 
kV long transmission line to the central region. The probable degradation in the damping of this 
power plant could be due to high power flow from the Southern power plants to the North and its 
high output power may cause congestion on the main 230 kV corridor. This will tend to force 
still higher power flows through Bahir Dar main corridor to the northern region of the country 
and result in relatively poor damping in Beles power plant. 
Furthermore, the negative real part of eigenvalues in the table proves a damped oscillation. No 
negative damping ratio which indicates the growth of oscillation is noticed in the table. 
Therefore the system in both minimum and maximum load cases is found to be stable and no 
significant changes in the damping performance are noticed by this comparison.   
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Figure 5-10 The electromechanical modes of EPS under minimum and maximum load with no 
wind generation. 
 
Table 5-3 Eigenvalues under minimum and maximum load conditions without wind generation- 
damping less than 15% 
Mode 
no. 
Minimum load _no wind Maximum load_ no wind 
Eigenvalues 
Dampin
g ratio 
Frequ
ency 
(Hz) 
Eigenvalues 
Damping 
ratio 
Freque
ncy 
(Hz) 
1 -0.904 ±  j6.4088 0.1397  1.02 -0.8164 ± j6.4406 0.1257 1.03 
2 -1.0046 ± j6.3542 0.1562 1.01 -1.0475 ± j6.3526 0.1627 1.01 
3 -0.2723 ± j3.9982 0.068 0.64 -0.8361 ± j7.2869 0.1140  1.16 
4 -0.9132 ± j7.2076 0.1257 1.15 -0.2635 ± j3.8862 0.0677 0.62 
5 -1.0586 ± j7.2244 0.145 1.15 -0.9852 ± j7.325 0.1333 1.17 
6 -0.9557 ± j7.4454 0.1273 1.18 -0.9306 ± j7.5651 0.1221 1.2 
7 -0.9597 ± j7.4827 0.1272 1.19 -0.9347 ± j7.5988 0.1221 1.21 
8 -1.0637 ± j7.5675 0.1392 1.2 -0.9888 ± j7.7164 0.1271 1.23 
9 -1.0784 ± j7.7385 0.138 1.23 -0.9991 ± j7.8621 0.1261 1.25 
10 -0.9604 ± j8.8448 0.108 1.41 -1.6625 ± j9.8908 0.1658 1.57 
11 -0.9722 ± j8.8479 0.1092 1.41 -1.8728 ± j8.2532 0.2213 1.31 
12 -0.9722 ± j8.8479 0.1092 1.41 -1.7568 ± j8.8435 0.1448 1.41 
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5.5.2 The effect of maximum wind generation on the damping performance 
during minimum and maximum load cases 
In this section damping performances of the Ethiopian power system is compared under 
minimum and maximum load condition but with maximum wind generation. It can be noticed 
from eigenvalues chart (Figure 5-14) that the damping of FIN-mode is significantly improved 
during the minimum load case and this is true for other group of machines but in a less notable 
manner. The same behavior is observed in the time response curves of Figure 5-11 to Figure 
5-13 and Table 5-4. Therefore, there is no indication, on the basis of the study cases which have 
been analyzed, that the level of system load will have a significant effect on the damping 
performance of the system. 
 
Figure 5-11 Power angle deviation during maximum wind generation (scenario-III). From left: 
minimum load, maximum load.  
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Figure 5-12 Active power deviation during maximum wind generation (scenario-III). From left: 
with minimum load, maximum load  
 
Figure 5-13 Generator terminal voltage deviation during maximum wind generation (scenario-
III). From left: with minimum load, with maximum load 
 
 
 
Figure 5-14 Comparisons of the electromechanical modes of EPS under maximum load scenario-
III and minimum load scenario-III  
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Table 5-4  Eigenvalues table during maximum load scenario-III and minimum load – damping 
less than 20% 
Mode 
no. 
Minimum load -scenarioIII Moderate load scIII 
Eigenvalues Dampin
g ratio 
Frequen
cy (Hz) 
Eigenvalues Dampin
g ratio 
Frequen
cy (Hz) 
1 -1.0415 ±j6.0476 0.1697 0.96 -0.94312 ± j6.433 0.1451 1.02 
2 -1.1342 ±j 6.7729 0.1652 1.08 -0.530261 ± j5.316 0.0993 0.85 
3 -1.0187 ± j7.1252 0.1415 1.13 -1.289318 ± j6.949 0.1824 1.11 
4 -1.0106 ± j7.2124 0.1388 1.15 -1.341025 ± j6.9732 0.1888 1.11 
5 -1.0121 ± j7.2507 0.1382 1.15 -0.881155 ± j7.6729 0.1141 1.22 
6 -1.4976 ± j6.8614 0.192 1.09 -0.883181 ± j7.825 0.1122 1.25 
7 -1.5927 ± j6.919 0.1943 1.1 -0.800352 ± j8.1031 0.0983 1.29 
8 -1.7547 ± j5.9875 0.1912 0.95 -1.361816 ± j7.6327 0.1756 1.21 
9 -1.8588 ± j7.7022 0.1946 1.23 -1.394094 ± j8.154 0.1685 1.3 
10 -1.7939 ± j7.8696 0.1922 1.25 -0.965137 ± j8.8099 0.1089 1.4 
11 -1.7536 ± j8.2433 0.1981 1.31 -1.566235 ± j8.7086 0.1770 1.39 
12 -1.6758 ± j.477 0.1939 1.35 -1.561793 ± j8.7268 0.1762 1.39 
13 -1.7519 ± j.469 0.1926 1.35 -1.503818 ± j8.8704 0.1671 1.41 
14 -1.9724 ± j8.9048 0.1963 1.42 -1.550151 ± j9.3243 0.1640 1.48 
5.5.3 The effect of maximum wind generation on the damping performance of 
the EPS during minimum load cases. 
The damping performance of the system under minimum load conditions is compared for cases 
in which (i) there is no additional wind generation (MinL_no wind) and (ii) maximum wind 
generation (MinL_Sc3). These are presented in the following figures.  
The introduction of 384 MW of wind generation results in a significant number of conventional 
synchronous machines being removed from service. This results in many of the least damped 
electromechanical modes of oscillation which are present in the no wind case disappearing from 
the maximum wind case (Figure 5-18 and Table 5-5). Time response analysis of  Figure 5-15 to 
Figure 5-17 and the eigenvalue chart depict that there is no indication that the integration of high 
level of wind generation under minimum load conditions adversely affect the electromechanical 
damping performance of the Ethiopian power system.  
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Figure 5-15 Power angle deviation during minimum loading. From left: with no wind, maximum 
wind generation  
 
Figure 5-16 Active power deviation during minimum load. From left: with no wind,  maximum 
wind generation 
 
Figure 5-17 Generator terminal voltage deviation during minimum load. From left: with no wind, 
maximum wind generation  
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Figure 5-18 Comparisons of the electromechanical modes of EPS under low load scenario-III 
and low load no wind condition.  
 
Table 5-5  Eigen values table during low load scenario-III and low load no wind cases. 
Mode 
no. 
Minimum load _no wind Minimum load scenario-III 
Eigenvalues 
Damping 
ratio 
Frequen
cy (Hz) 
Eigenvalues 
Damping 
ratio 
Frequency 
(Hz) 
1 -0.9040 ± j6.4088 0.1397 1.02 -1.0415 ± j6.0476 0.1697 0.96 
2 -1.0045 ± j6.354 0.1562 1.01 -1.1342 ± j6.7729 0.1652 1.08 
3 -0.2723 ± j3.9982 0.068 0.64 -1.0187 ± j7.1252 0.1415 1.13 
4 -0.9132 ± j7.2076 0.1257 1.15 -1.0106 ± j7.2124 0.1388 1.15 
5 -1.0585 ± j7.2243 0.145 1.15 -1.0121 ± j7.2507 0.1382 1.15 
6 -1.3485 ± j6.890 0.1921 1.1 -1.4976 ± j6.8614 0.2132 1.09 
7 -1.4128 ± j6.9123 0.2003 1.1 -1.5927 ± j6.919 0.2243 1.1 
8 -1.0636 ± j7.5674 0.1392 1.2 -1.7547 ± j.9875 0.2812 0.95 
9 -1.0783 ± j7.7385 0.138 1.23 -1.9804 ± j7.4121 0.2581 1.18 
10 -2.6402 ± j5.6074 0.426 0.89 -1.8588 ± j7.7022 0.2346 1.23 
11 -1.411 ± j7.7603 0.1789 1.24 -1.7939 ± j7.8696 0.2222 1.25 
12 -1.7673 ± j7.7247 0.223 1.23 -1.7536 ± j8.2433 0.2081 1.31 
13 -2.0050 ± j7.85647 0.2473 1.25 -1.6758 ± j8.477 0.1939 1.35 
15 -1.0636 ± j7.5674 0.1392 1.2 -0.2657 ± j4.2167 0.0629 -0.67 
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5.6 The effect of wind generation on damping performance of the 
EPS. 
Most of the wind turbine converters implemented in the Ethiopian wind farms are PMSM type 
wind turbines which are not synchronously connected with the grid and hence, they have the 
effect of reducing the overall inertia of the system by effectively shielding the machine’s rotating 
masses from the grid. Therefore wind turbines of this type in general have little or no effect on 
electromechanical mode of oscillation by themselves. However, the introduction of large 
amounts of wind generation does have the potential to indirectly change the electromechanical 
damping performance of the system by:   
 significantly altering the dispatch of synchronous generation in order to accommodate 
wind generation; 
 significantly altering the power flows in the transmission network and; 
 interacting with synchronous machines to change the damping torques induced on their 
shafts. 
The first two of these factors are largely independent of the wind turbine converters technology. 
The third factor depends on the dynamic performance characteristics of the wind turbine 
converter and on other relatively fast acting wind farm controls which may be installed for 
voltage control purposes. 
Time responses and eigenvalues of the base case scenario is compared with three wind 
generation scenarios which have been introduced in the previous chapter. 
In the following figures damping performances of base case scenario is compared with wind 
generation scenarios. Base case scenario-I introduces two wind farms in to the existing power 
system - one from Ashegoda and the other from Nazreth-I wind farms of 30 and 51MW 
respectively. This replaces four units of conventional synchronous generators from different 
hydro power plants, one each from Awash II, Awash III and Gilgel Gibe II. Overall scenario-II 
presents a total of 171MW wind energy to the system from the same location as the first scenario 
but with different capacities that is 120 MW from Ashegoda and still 51 from Nazreth-I wind 
sites. In this case the equivalent amounts of capacities of 7 hydro power units from 3 different 
locations are replaced. The third scenario proposes a total of 381MW wind energy from four 
different locations. In addition to afore mentioned two sites, Mossobo wind farm (60MW) and 
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Nazreth –II wind farm (150 MW) are added. In each scenario conventional generators are 
replaced by the proportional capacity of wind energy. 
In this section, study cases are conducted to obtain the indication of the effect wind generation 
on the electromechanical damping performance of the EPS and the following comparisons of 
scenarios are conducted: 
i) minimum load  with no wind  generation (MinL_no wind) vs. minimum load with wind 
generation scenario-I (MinL_Sc1), 
ii) minimum load  with no wind  generation (MinL_no wind) vs. Minimum load with wind 
generation scenario-II (MinL_Sc2), 
iii) minimum load  with no wind  generation (MinL_no wind) vs. minimum load with 
maximum  wind generation scenario-III (MinL_Sc3). This scenario is already discussed 
in the preceding section (0 )and not repeated here. 
Time response in figures (Figure 5-19 to Figure 5-21) show that overall the system is transiently 
stable Oscillation of generator FIN which is nearer to the fault significantly improved as wind 
generation level is increased (Figure 5-19). 
Relatively some degradation in damping of the mode of oscillation between the Tis Abay 
(T_Abay) and other machines Figure 5-22 and Figure 5-23 which may be due to changes in the 
excitation of these machines. These machines are very small compared to others (three machines 
and 3 MW each). It can be noticed that addition of wind generation to the Ethiopian power 
systems has no significant impact on the damping performance of the system. 
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5.6.1 Time response studies 
 
 
 
Figure 5-19 Comparison between time response of power angle deviation of base case system (a) 
with wind generation scenario-I (b),  scenario-II (c) and scenario-III (d) 
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Figure 5-20 Comparison between time response of active power deviation of base case system 
(a) with wind generation scenario-I (b),  scenario-II (c) and scenario-III (d) 
 
 
 
 
Figure 5-21 Comparison between time response of voltage deviation of base case system (a) with 
wind generation scenario-I (b), scenario-II (c) and scenario-III (d) 
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5.6.2 Eigenvalue analysis      
 
Figure 5-22 Comparisons of the electromechanical modes of EPS under base case and scenario-I 
wind generation  
 
 
 
Figure 5-23 Comparisons of the electromechanical modes of EPS under base case and scenario-
II wind generation  
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Table 5-6  Eigenvalues table for base case and scenario-I wind generation – damping less than 
20% 
Mode 
no. 
Minimum load_no wind Minimum load scenario-I 
Eigenvalue 
Damping 
ratio 
Frequen
cy (Hz) 
Eigenvalues 
Damping 
ratio 
Frequency 
(Hz) 
1 -0.9040 ± j6.4088 0.1397 1.02 -1.0141 ± j6.3541 0.1576 1.01 
2 -1.0045 ± j6.3542 0.1562 1.01 -1.0376 ± j6.6026 0.1552 1.05 
3 -0.2723 ± j3.9982 0.068 0.64 -1.0408 ± j7.1716 0.1436 1.14 
4 -0.9132 ± j7.2076 0.1257 1.15 -0.9877 ± j7.2982 0.1341 1.16 
5 -1.0585 ± j7.2243 0.145 1.15 -0.9796 ± j7.32 0.1326 1.17 
6 -1.3485 ± j6.8908 0.1921 1.1 -0.9867 ± j7.3605 0.1329 1.17 
7 -0.9557 ± j7.4453 0.1273 1.18 -1.3582 ± j6.8839 0.1936       1.1 
8 -0.9596 ± j7.4827 0.1272 1.19 -1.446 ± j7.7541 0.1833 1.23 
9 -1.0636 ± j7.5674 0.1392 1.2 -0.3116 ± j4.2867 0.0725 0.68 
10 -1.0783 ± j7.7385 0.138 1.23 -0.9633 ± j8.8385 0.1083 1.41 
11 -1.411 ± j7.7603 0.1789 1.24 -0.9752 ± j8.8416 0.1096 1.41 
12 -1.7673 ± j7.7247 0.193 1.23 -0.9752 ± j8.8416 0.1096 1.41 
13 -0.9604 ± j8.8447 0.108 1.41 -1.7408 ± j8.2589 0.1992 1.31 
 
Table 5-7  Eigenvalues table for base case and scenario -II wind generatio – damping less than 
20% 
Mode 
no. 
Minimum load_no wind Minimum load scenario-II 
Eigenvalues 
Damping 
ratio 
Frequen
cy (Hz) 
Eigenvalues 
Damping 
ratio 
Frequency 
(Hz) 
1 -0.9040 ± j6.4088 0.1397 1.02 -0.9735 ± j6.3609 0.1513 1.01 
2 -1.0045 ± j6.3542 0.1562 1.01 -0.9593 ± j7.2392 0.1314 1.15 
3 -0.2723 ± j3.9982 0.068 0.64 -0.9698 ± j7.3798 0.1303 1.17 
4 -0.9132 ± j7.2076 0.1257 1.15 -0.9742 ± j7.4169 0.1302 1.18 
5 -1.0585 ± j7.2243 0.145 1.15 -1.3203 ± j6.915 0.1875 1.1 
6 -1.3485 ± j6.8908 0.1921 1.1 -1.3786 ± j6.9365 0.1949 1.1 
7 -0.9557 ± j7.4453 0.1273 1.18 -0.862 ± j7.7642 0.1103 1.24 
8 -0.9596 ± j7.4827 0.1272 1.19 -1.4265 ± j7.225 0.1937 1.15 
9 -1.0636 ± j7.5674 0.1392 1.2 -0.3039 ± j4.458 0.068 0.71 
10 -1.0783 ± j7.7385 0.138 1.23 -1.6372 ± j7.8933 0.2031 1.26 
11 -1.411 ± j7.7603 0.1789 1.24 -0.9519 ± j8.8637 0.1068 1.41 
12 -1.7673 ± j7.7247 0.193 1.23 -0.9631 ± j8.867 0.108 1.41 
13 -0.9604 ± j8.8447 0.108 1.41 -0.9631 ± j8.867 0.108 1.41 
14 -1.411 ± j7.7603 0.1789 1.24 -1.6967 ± j8.3853 0.1983 1.33 
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5.7 Discussions and conclusions 
The Ethiopian Electric Power corporation do not prescribe a damping performance standard, 
however experiences of  some countries show that electromechanical modes of oscillation should 
have a time-constant of less than 12 seconds, which corresponds to a damping-constant with 
magnitude greater than -0.083 Np/s and a 2% settling time shorter than 47 s. However in this 
study -0.15 is used which is common for large interconnected systems. In the base case used in 
this investigation the damping constant of all electromechanical modes is better than the 
damping performance requirement (-0.15 Np/s). 
 It is noticed that varying the synchronous generation which is displaced to accommodate 
the wind generation has a relatively minor effect on the damping of the dominant Beles 
hydropower plant (BEL) (Figure 5-10) 
 The study on the impact of system load levels on the damping performance of the system 
conducted for minimum and maximum load study cases are analyzed with (i) no wind 
generation, and (ii) maximum wind penetration according to scenario-III Figure 5-10 and 
Figure 5-18). This analysis suggests that the damping performance of the system is not 
significantly affected either by the level of system load or the amount of wind generation. 
 The damping-performance of the Ethiopian power system in the three base line wind 
generation scenarios is comparable with that in the corresponding underlying no wind 
base-case (Figure 5-22 and Figure 5-23) 
 On the basis of the studies conducted, the integration of large scale wind generation does 
not appear to significantly affect small signal stability on the Ethiopian power system. 
  
6. Ethiopian wind grid code – a proposal 
The Ethiopian government has launched a target plan for 2015 to incorporate a relatively large 
amount of wind power into the Ethiopian power system that is from none in 2011 to 800 MW by 
20015 [1]. This generated power is almost equivalent to the total generated power throughout the 
country before 2010 and 40% of current generation. The increasing wind power integration as 
experience of many countries show needs the establishment of standard operating practice for 
wind turbines. The ultimate objective of the development of grid code in these circumstances 
will be to minimize the negative impacts and reap maximum benefits from wind turbines. This 
can be accomplished through the advantage of wind grid code in providing improvement in 
stability of wind turbine behavior, decreasing the amount of wind power to be lost following 
system disturbances and provide the wind turbines with operational characteristics similar to that 
of conventional generators [5]. . It is with this motive this chapter is devoted for the proposal of 
development of Ethiopian wind grid code. 
6.1 Review of grid code requirements for wind farm connection 
Grid code requirements for wind farm connection have been a major issue as a result of increase 
in the amount of wind power connected to the grid. Countries which hold a leading role in terms 
of realization of large wind farms such as Denmark, Germany, United Kingdom, Spain and 
China have enforced grid codes of their own type in to their power systems. Although available 
many popular grid codes in literature, the following five grid codes are favored for analysis 
based on preset considerations such as their wind power potential and realization, detail 
description, and network characteristics: 
 The German code (E.ON. Netz) [52] that applies to networks with voltage levels 380, 
220 and 110 kV. Its requirements are often used as a reference for other codes and it is 
also known for its detail technical description. 
 The code of Denmark (Energinet/dk), [53] referring to wind turbines connected to grids 
with voltages below and above 100 kV. 
 The grid code of UK (NGET) [54]  that applies to all wind farms of  5MW or more  
connected to the Distribution System 
 China (CEPRI) [55], [56] 
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 Spain (Red Electrica) [5] 
6.2 Grid code requirements for wind farms 
The most common grid code requirement encountered in the majority of new grid codes 
concerning wind farm interconnection are: 
 Fault ride-through capability 
 Active power regulation 
 Frequency control 
 Voltage and reactive power regulation 
6.2.1 Fault ride-through capability 
The occurrence of transient fault (short-circuit) at some point of the network inevitably results in 
voltage dips in one or more phases, depending on the type and location of the fault, which may 
be propagated to fairly remote locations of the network, especially in the case of weak grids. The 
reason is that when a short circuit fault takes place in some location in the grid, the voltage on 
the faulted phases will be zero. Due to the low impedance of transmission circuits a large voltage 
depression would be experienced across large areas on the transmission system until the fault is 
cleared by the opening of circuit-breakers. 
In the event of such dips, generating stations may encounter stability problems, depending on the 
type, magnitude and duration of the dip, as well as on the type and technology of the wind 
turbines. 
Some wind turbine technologies are known to be susceptible to tripping even if the voltage 
transiently falls to levels as high as 70%. Such plants would be affected, jeopardizing the grid 
stability. During voltage dips, induction generators tend to significantly increase their reactive 
power demand to the extent that the system voltage may be further depressed. This causes slower 
recovery of the voltage once the fault has been removed. If all the wind generation in a great 
extension is disconnected, there is a mismatch between generated and consumed power, and the 
frequency will drop. If there is not enough reserve, defined by the spinning reserve of the system, 
a black-out may occur. If wind farms are not able to ride-through voltage dips, the Transmission 
system needs a higher spinning reserve. The spinning reserve requires that some generating 
operating plants operate below their optimal point, with higher losses and an increase in cost [6]. 
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A typical FRT limiting curve is shown in the following Figure 6-1. During dips above the limit 
line wind turbines must remain in operation, but they can disconnect in the event of dips below 
the limit line. 
 
 
Figure 6-1  Typical limit curve for fault ride-through requirements 
For this reason, grid codes issued in the current decade invariably demand that large wind farms 
must withstand voltage dips down to a certain percentage of the nominal voltage (0% in some 
cases) and for a specified duration. Such requirements are known as fault ride-through or low 
voltage ride-through requirements and they are described by a voltage against time characteristic, 
denoting the minimum required capability of the wind power station for dips of the system 
voltage [57].  
Wind farms must also re-establish their pre-fault active and reactive power output if the wind 
speed remains unchanged, rapidly after clearance of the fault. Certain codes impose increased 
reactive current generation by the wind turbines during the disturbance, in order to support the 
system voltage; in much the same way as a conventional synchronous generator increases its 
excitation during faults via Automatic Voltage Regulator (AVR) action. 
The following Figure 6-2 shows grid code requirement from the German Transmission Code 
[58]. Where in area 1 tripping is not allowed at all, in area 2 a short term interruption is 
permitted, if this is required by the generator concept and a resynchronization can be performed 
within less than 2 s. After resynchronization, the active power has to be increased to its pre-fault 
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value with a minimum gradient of 10%/s. In area 3 an short term interruption is allowed for all 
types of power generation units and the resynchronization time can even be higher than 2 s and 
the power gradient less than 10 %/s in exceptional cases. In area 4 the power generation units 
have to stay connected and can only be tripped by the supervisory grid protection (Safeguard II). 
 
 
Figure 6-2 Fault ride-through requirement according to German Transmission Code 
The following figure presents FRT requirements of different countries in a single graph [5], [57], 
[59]. As it is depicted in the curves of Figure 6-3 the requirements significantly deviate from 
each other that depend on the specific characteristics and type of protection employed in each 
power systems. 
 
, ,
STI: Short Term Interruption
No tripping
Possibly
STI
No tripping
4
STI
resynchronisation 
before primary control
Stepwise tripping by
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after 1.5 … 2.4s
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Figure 6-3  Fault ride-through requirements of various grid codes 
Many countries are defining FRT requirements not only for the period of voltage dip but also for 
the time of voltage support by reactive power injection during recovery period. Table 6-1 
presents a clear view of the main characteristics of the curves of Figure 6-3. 
Table 6-1  Characteristics of fault ride-through curves in various grid codes 
Grid Code 
Fault 
duration 
(ms) 
Fault 
duration 
(cycles) 
Min voltage 
level (% of 
Vnom) 
Voltage 
restoration (s) 
German (Eon.Netz) 150 7.5 0 1.5 
UK 140 7 0 1.2 
Denmark (<100 kV) 140 7 25 0.75 
Denmark (>100 kV) 100 5 0 10 
Spain  500 25 20 1 
China 600 30   
6.2.1.1 Requirements for reactive current supply during voltage dip. 
According to the German wind grid code concept, wind farms must support the grid voltage with 
additional reactive current during grid faults (Figure 6-4) as well as via increased reactive power 
consumption in the event of a voltage dip. With modern protection devices the fault durations are 
normally in a range of 100 to 150 ms or less. However, this time interval may be decisive for the 
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stability of the conventional generators connected to the grid and consequently for the whole 
system. In this regard, the voltage control must take place within 20 ms (one cycle) after fault 
recognition by providing additional reactive current on the low-voltage side of the wind turbine 
transformer, amounting to at least 2% of the rated current for each percent of the voltage dip. A 
reactive power output of at least 100% of the rated current must be possible if necessary. The 
above applies outside a +10% dead band around nominal voltage [52], [58]. 
 
Figure 6-4  Voltage support requirement according to German grid code 
According to Figure 6-4 it is required that the reactive current deviation of the wind farm must 
be proportional to the relevant voltage deviation ΔV (ΔIQ /In = K * ΔV/Vn) and remain in the 
range defined by 0 ≤ K ≤ 10. In addition, Figure 6-5 shows the timing requirements, which 
stipulate a rise time of less than 30 ms and a settling time of less than 60 ms by considering a 
tolerance band between +20% and -10% of the nominal current around the set-point. 
Δ V0.1
ΔIQ
-0.1
K = ΔIQ/Δ V  
Default: K = 0.2 p.u.
Range adjustable:  K = 0.0 – 10.0 p.u.
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Figure 6-5  Characteristic variables for the step response of the reactive current deviation ΔIr 
upon the occurrence of significant voltage instability  
6.2.2 Active power regulation 
Active power regulation is the ability of wind turbines to regulate their active power output 
according to system requirements. Active power regulation in the grid codes include active 
power control modes, which limit the maximum active power, balance the active power output, 
and define the ramp rates in the upward or downward direction. The rate at which the power is 
ramped should not cause significant power surges. Furthermore, it is required from wind farms to 
regulate their active power output in accordance with the frequency deviations. Although the 
power output of wind turbines fed into the grid is independent of the frequency of the grid, the 
active power controller must take the requirement of the grid into account. 
6.2.2.1 Country experiences 
Grid code requirement for the ability of active power curtailment of wind farms in different 
countries are given in the following table ( 
 
Table 6-2). 
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Table 6-2  Grid code requirement for the ability of active power curtailment of wind farms. 
Countries Active power ramp rate 
German 10%  of grid connection capacity /minute 
Denmark (10 – 100)% of rated power /minute 
Nordic 10 % of rated power /minute 
Great Britain 
No limit for a change of up to 300 MW 
50 MW/min for a change between 300 MW and 1000 MW 
40 MW/min for a change over 1000 MW 
China [55] 
Inst. capacity  
<30 MW 
Inst. capacity      
30-150 MW 
Inst. capacity 
>150 MW 
over 1min.  max ramp: 
6 MW 
over 1min.  max 
ramp: ins. cap./5 
over 1min.  max 
ramp: 30 MW 
over 10 min. max 
ramp: 20 MW 
over 10 min.  max 
ramp: ins. cap./1.5 
over 10 min. 
max ramp: 100 
MW 
 
The frequency control participation is varying with respect to transmission system 
characteristics. According to the German code when frequency exceeds the value 50.2 Hz, wind 
farms must reduce their active power with a gradient of 40% of the available power of the wind 
turbines per Hz. 
The British code requires that wind farms larger than 50 MW have a frequency control device 
capable of supplying primary and secondary frequency control, as well as over-frequency 
control. It is remarkable that it also prescribes tests, which validate that wind farms indeed have 
the capability of the demanded frequency response. 
In Spanish grid code, wind farms must be able to give active power increase or decrease active 
power output proportional to the frequency deviation at the connection point. The frequency 
control must work as a droop controller of which values vary between 0.02 and 0.06 pu based on 
wind power plant ratings. Speed of the response will be adjustable 10% of the rated capacity in 
250 ms. 
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6.2.3 Frequency control 
System frequency is a major indicator of the power balance in the system. A decrease in 
generation vis-a-vis the demand causes the frequency to drop below the nominal frequency and 
vice versa. The Following Table 6-3 shows comparison of operating frequency limits of selected 
countries. 
Table 6-3  Frequency range requirement of different countries 
Frequency 
(Hz) 
Minimum time delay 
Germany Denmark Nordic China GB
2
 Spain 
< 53  
Fast 
automatic 
disconnecti
on 
Disconnectio
n after 0.2 s 
Not 
mentioned 
Not 
mentioned 
Not mentioned 
Disconnectio
n after 0.2 s 
53.0   to 52   
3 min 
2 s 
52.0   to 51.5   
1 min 
Continuous 
operation 
  
R
em
ain
 co
n
n
ected
 fo
r 6
0
 m
in
 
51.5   to 51.0   
30 min 
51.0   to 50.5   
Continuous 
operation 
30 min 
Continuous 
operation 
50.5   to 50.3   
Continuous 
operation 
Continuou
s 
operation 50.3   to 49.5   
Continuou
s operation 
49.5   to 49.0   
  
49.0   to 48.5   30 min 
30 min 48.5   to 48   20 min 25 min 
48   to 47.5  10 min 5 min 
Disconnectio
n after 0.2 s 
 47.5   to 47.0   Fast 
automatic 
disconnecti
on 
10 s 
Not 
mentioned 
20 s 20 s 
< 47   
Disconnectio
n after 0.2 s 
2 s Not mentioned 
6.2.4 Voltage and reactive power regulation 
Generally, voltage regulation and reactive power control are fundamentals in the distribution of 
electric energy. In order to avoid large voltage and frequency excursions the active and reactive 
                                                 
2
 The British Grid Code also allows the wind farm to remain connected to the network during rate of change of 
frequency of values up to and including 0.5 Hz per second [53] 
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power flow between the generation and the load in the power system must be balanced. Wind 
farms are often located in remote areas and may be connected to weak grids. In such cases the 
impedance is high and the voltage drop during fault which is proportional to current and distance 
is important. The operator at the substation may not be able to raise the voltage at the connection 
of the wind farm without exceeding its voltage limits. In this case voltage control capability of 
the wind farm is very useful to keep the voltage profile along the system. It is to mean that wind 
farms are expected to have the capability to control the voltage and/ or the reactive power at the 
connection point which is crucially important to ensure secure operation of the system. 
 Recent grid codes demand from wind farms to provide reactive output regulation, often in 
response to power system voltage variations, much as the conventional power plants. The 
reactive power control requirements are related to the characteristics of each network; since the 
influence of the reactive power injection to the voltage level is dependent on the network short-
circuit capacity and impedance. For the grid operation, there are three different possibilities for 
reactive power references set by the transmission system operator: reactive power, power factor 
and voltage references. Grid codes state these reactive power operating conditions as P/Q and 
V/Q curves. Sample P/Q and V/Q curves defined in Germany grid code are outlined in Figure 6-6 
and Figure 6-7  
The nominal voltages for Germany are 380, 220, 110 kV. The German code specifies that wind 
farms may function in lagging or leading power factor in case of over voltages.  Each new wind 
energy plant to be connected to the network must meet the requirements at the grid connection 
point according to variants of Figure 6-6. The transmission grid operator selects one of the 
potential variants on the basis of the relevant network requirements. 
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Figure 6-6  Three variants of V-Q dependencies defined in Germany grid code  
Figure 6-7 show the minimum requirement for the reactive power supply from generating units 
operating at less than full output (  
    
        
     ) at the grid connection point. 
Where: 
      is instantaneous active power fed in at the grid connection point. 
         is operational installed active power which is the sum of the nominal active power of the 
wind energy generating units within a wind energy plant. 
 
 
Figure 6-7  Three variants of P-Q dependencies defined in Germany grid code 
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6.3 The Ethiopian wind grid code (proposal) 
Currently there are no specific regulations for wind energy connection to the Ethiopian power 
system but the share of wind energy in the country is significantly increasing in recent years. The 
operation of available hydro power plants can be planned and also controlled in order to meet the 
daily load curve of the electricity demand of the grid. However the operation of wind power 
plants is dependent on weather conditions. This brings about potential grid operational issues as 
the operation of these power plants can be controlled only in a limited way. There are also 
potential reliability concerns if a large amount of wind power trips off the grid because of grid 
faults. In addition a larger contribution expected from wind generation, there is some desire that 
wind contribute some grid support services such as reactive power, frequency and voltage 
control. For these reasons, a number of countries are pursuing requirements for wind plants to 
meet various grid codes. The author of this thesis considers the seriousness of the issue and this 
work may be a contribution for the establishment of some regulatory framework in the Ethiopian 
power system. The following section discusses certain minimum requirements that the wind farm 
shall maintain for grid integration so that neither wind farms suffer from unacceptable effects 
due their connections to the grid nor impose unacceptable effects on the system of the grid. 
6.3.1 Fault ride-through requirements 
As per the discussion in section 6.2.1of this chapter, the Ethiopian wind farms must have fault 
ride-through capability for faults in the transmission system to prevent generation losses. This 
can be accomplished by minimizing the reactive power consumption from the grid and providing 
active power proportion to retained grid voltage as soon as the fault is cleared. The duration of 
voltage dip depends on the protection system response time and varies between 0.1 and several 
seconds. 
The following fault ride-through characteristics curve (Figure 6-8) (which is similar to the 
German fault ride-through) is proposed for the Ethiopian wind farm. 
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Figure 6-8  Proposed fault ride-through requirement curve for Ethiopian wind farms 
According to Figure 6-8, wind farms must withstand voltage dips down to 0% of the nominal 
voltage at the connection point, for durations up to 150 ms. The figure describes that three phase 
short circuits or any other fault related symmetrical voltage dips must not lead to instability 
above border line- 1 (Zone- 1) or to a disconnection of the wind turbines from the grid. Voltage 
drops within the area between border line 1 and border line 2 (Zone- 2) should not lead to 
disconnection, but in case of wind turbine instability, short-time disconnection is allowed. In 
Zone- 3, the automatic protection system operates if the voltage at the connection point falls and 
remains below 85% of the nominal voltage, with simultaneous reactive power absorption, the 
wind farm must disconnect with a time delay of 0.5 s. During a voltage dips, the wind turbines 
must support the grid voltage by means of  injecting additional reactive current as defined in 
Figure 6-4.  
Two simulation tests were carried out on the Ethiopian power system as a grid code compliance 
test. The test network model for this case is the Ashegoda wind farm of Figure 2-9. In the first 
test three-phase solid fault was applied on the nearest high voltage grid (230 kV) of substation 
bus N620 for 150 ms fault clearance duration and the power flow profile of the wind farm was 
simulated (Figure 6-9 and Figure 6-10 ). The result of this study was analyzed with respect to the 
grid connection requirements to investigate the fault ride-through capability of the wind farm. 
The British grid code requirement compliance [60] is used for this test and the following grid 
code compliance requirement was considered: 
0 150 1500700 3000 t/ms
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i) The wind farm must remain transiently stable and connected for all HV voltages down to 
a minimum 0%. 
ii) The maximum possible reactive current should be generated without exceeding the 
transient rating limit of the turbine 
iii) Within 0.5 second following the fault clearance and restoration of the super grid voltage 
to at least 90% of the nominal, the active power output must be restored to at least 90% 
of the level available immediately before the fault [61], [62]. 
The results are shown in Figure 6-9 and Figure 6-10 for the wind farm bus -WF001. 
 
 
Figure 6-9 Voltage profile during fault: at bus N620 (left) and voltage plot for wind farm (right) 
for solid 3-phase fault of 150 ms 
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Figure 6-10 Active power (left) and reactive power (right) for wind farm for solid 3-phase fault 
of 150 ms  
The second grid code compliance requirement test was carried out  for the following conditions: 
i) For high voltage dips of duration greater than 150 ms, the wind farm has to remain 
connected to the system for any dip-duration on or above the heavy black line of Figure 
6-8. 
ii) For high voltage dips of duration greater than 150 ms, the wind farm has to supply active 
power to at least 90% of its pre-fault value within 1 second of restoration of the voltage 
to 90% of the nominal value. 
iii) During voltage dips lasting more than 140 ms the active power output of a wind farm has 
to be retained at least in proportion to the retained balanced high voltage. 
Faults were applied to the same bus bar as the first case (i.e. bus bar N620 which is the nearest 
bus bar to the wind farm) with severity and duration to meet the requirements of the grid code 
connections compliance. The following table (Table 6-4) identifies the faults applied, the 
duration and the retained voltage at the N620 bus bar. The results of the study are shown in 
Figure 6-11 to Figure 6-13. 
Table 6-4  Retained voltages (%) for various faults 
No. 
% Retained  voltage at 
230 kV of  N620 busbar 
Fault duration (s) 
1 30 0.20 
2 50 0.70 
3 65 1.0 
4 80 2.5 
5 85 3.5 
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Figure 6-11 Voltage plot for the wind farm with 30%, 50%, 65%, 80% and 85% retained 
voltages for 0.2, 0.7, 1.0, 2.5 and 3.5 s respectively 
 
 
 
Figure 6-12 Active power plot for the wind farm with 30%, 50%, 65%, 80% and 85% retained 
voltages for 0.2, 0.7, 1.0, 2.5 and 3.5 s respectively 
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Figure 6-13 Reactive power plot for the wind farm with 30%, 50%, 65%, 80% and 85% retained 
voltages for 0.2, 0.7, 1.0, 2.5 and 3.5 s  respectively 
Both cases of the study have investigated the compliance of the wind farm in meeting the 
proposed fault ride-through requirement. The generic wind farm model was used for this test and 
the settings of the Permanent Magnet Synchronous Machine (PMSM) controllers are also used as 
provided by the model. 
The results of the study depict that the wind farm has remained connected to the grid for the 
faults lasting 150 ms (Figure 6-11 to Figure 6-13). The study also demonstrated that the wind 
farm is capable of riding through the 230 kV system faults studied as in Table 6-4. 
For all voltage dip durations greater than 150 ms the wind farm has remained connected  to the 
grid above the heavy black line of Figure 6-8 and Figure 6-11. It is also investigated that, just 
after less than 1 s of restoration of the voltage to 90% of the nominal value, the wind farm has 
shown itself capable to supply about 95% of its pre-fault value (Figure 6-11 to Figure 6-13).   
According to the studied cases the wind farm meets the fault ride-through capability requirement 
of Figure 6-8. Fast recovery of voltage and power in all cases may be mainly due to the ability of 
the PMSM model to control reactive power. 
6.3.2 Voltage support requirements during fault [63] 
Generally the strength of a power system at a certain point is determined by the short circuit ratio 
which is directly proportional to the fault level. The fault level is inversely proportional to the 
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impedance between source and load. The magnitude of the impedance will therefore determine 
whether the system is strong or weak. In weak power systems voltage fluctuations will easily 
take place and it will be severe in case of the integration of large wind farms. Therefore the 
continuous operating voltage range for each nominal network voltage level must be specified for 
safe connection of wind farms.  
The German Grid Code [52] is more detail and specific on voltage changes in transmission and 
distribution networks. Admissible voltage changes under normal operating conditions of the 
network must not exceed a value of 2 % as compared to the voltage without generating plants. 
         (6-1) 
During network disturbances sudden voltage changes at every point in the network is limited to: 
            (6-2) 
 
However, to accurately determine voltage deviations on various stages of a power system some 
detail calculation procedures must be followed. 
For single junction points of the power system the voltage change can be estimated by means of 
the short circuit power ratio [63]. 
    
   
∑    
 (6-3) 
Where 
    - short circuit power ratio 
      - Network short circuit power at the junction point 
∑     - Sum of the maximum apparent power of all generating plants                       
connected to the junction point. 
The condition for a voltage deviation in this regard is: 
         (6-4) 
And computation of voltage change should be carried out on the basis of the complex network 
impedance with its phase angle    . 
    
        (     )
   
 (6-5) 
Where 
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     - network impedance angle (arc tangent of the ratio of the reactance X to                      
the resistance R) of the short-circuit impedance at the network point                      
 considered and  and         
  (
 
 
)     
         - the phase angle between current and voltage of the generating plant with    
           maximum apparent power      
The power system network operating voltage basically changes by power injections of 
generating plants. Based on the formula above, the voltage change at the junction point in case of 
inductive reactive power withdrawal can be expressed as follows: 
    
      (𝑅    | |      | |)
  
 (6-6) 
This equation shows that the voltage change may become positive or negative depending on the 
values of the parameters in the numerator of the equation. 
The following equation applies in case of withdrawal of capacitive reactive power: 
    
      (    | |      | |)
  
   (6-7) 
However, a usual approach to the calculation of the voltage change is: 
        
        
        
   (6-8) 
in which        - Short circuit power on the medium-voltage bus bar of the substation. 
Generally, the voltage range varies from country to country (Table 6-5) depending on the 
strength of the transmission system and the level of the voltage. 
Based on the above facts as well as other countries experiences the Ethiopian wind farms shall be 
able to deliver their rated power when the voltage at the grid connection point continuously 
remains within following ranges: 
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Table 6-5  Proposed voltage range for the Ethiopian power system  
UK [54] India [64] Germany [59] Ethiopia 
Nominal 
kV 
% Limit Nomin
al kV 
% Limit Nomin
al kV 
 
% Limit Nomi
nal kV 
% Limit 
(proposed) 
Normal operation   Normal operation   
400 -7.5 to 2.5 400 5.0 to -10.0 380 -8 to 10.0 400 5.0 to -10.0 
220 -4.6 to 9.1 220 11.0 to -9.0 220 -12.0 to 11.0 230 10.0 to-10.0 
110 -4.6 to 9.1 132 10.0 to -9.0 110 -13.0 to 12.0 132 10.0 to -10.0 
During disturbances 110 10.0 to -12.5 During disturbances 110 10.0 to -12.5 
400 -12.5 to  5.0 66 10.0 to -9.0 380 -15% 66 10.0 to -9.0 
220 -9.1 to 11.4 33 5.0 to -10.0 220 -15% 33 5.0 to -10.0 
110 -10.0 to 11.8   110 -15%   
 
The transmission system operator shall adjust the voltage by signaling a voltage set point for the 
voltage at the connection point. The voltage regulation system shall act to regulate the voltage at 
this point by continuous modulation of the reactive power output within its reactive power range, 
and without violating the voltage step changes [65]. 
 
Figure 6-14 Proposed voltage-Power factor characteristics of wind farm above 33 kV 
  400 kV   230 kV   132 kV  110 kV
 410    242   139   116 
              0.95            0.975        1.0               0.975         0.95                    cos φ 
Leading (consumtion)                  Lagging (injection)
  400  230   132   110 
 420    253   145   121 
  380    219   125   103 
  360    207   119    96 
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The operation according to Figure 6-14 enables wind farms to consume large reactive power 
during lower voltage and inject large reactive power during higher system voltage. When system 
voltage is lower higher leading power factor is required but, lower lagging power factor is 
required during higher system voltage. 
6.3.3 Frequency requirement 
The following frequency range in Table 6-6 is proposed for Ethiopian wind farms which are in 
agreement with country experiences in Table 6-3 and other grid codes like UK [54] and Ireland 
[66]. 
Table 6-6  Proposed Frequency ranges for Ethiopian wind farms 
Proposed Frequency ranges (For Ethiopia) 
Frequency (Hz) Mode of operation 
f  > 53 Disconnect 
52.0 < f  ≤ 53.0 3 min 
47.5 < f  ≤ 52.0 Continuous 
47.0 < f  ≤ 47.5 3 min 
f  ≤ 47 Disconnect 
 
According to the proposed frequency requirement in the Table 6-6, wind farms are required to be 
capable of continuous operation between 47.5 Hz and 52 Hz. Time limit is set for frequency 
ranges between 47.0 Hz to 47.5 Hz and 52.0 to 53.0 Hz. For frequency ranges lower than 47.0 
(inclusive) and greater than 53.0 Hz (exclusive) fast automatic disconnection is imposed. The 
consequence of operation outside these limits may result in total black-out of the wind farms and 
even may damage wind turbines because any further deviation in frequency limits may initiate 
the load shedding relays to trip and generation capacity would be lost. The loss of generation 
leads to further frequency deviation (decrease) which may end up with black-out.  
Furthermore, it is required that wind farms shall be able to withstand change of transmission 
system frequency values of up to 0.5 Hz/s and no additional wind turbine generator shall be 
started while the transmission system frequency is above 50.2Hz [52]. 
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6.3.4 Active power control 
Active power control of wind turbines will be required to regulate their output power to a defined 
level either by disconnection of wind turbines or by pitch control action. Moreover, it is required 
from wind farms to provide frequency response that is to regulate their active power output 
according to the frequency deviations. According to the proposed frequency ranges and also on 
the basis of the experiences of other countries, the following active power control requirement 
may be adopted for the Ethiopian wind farm. 
 
 
Figure 6-15 Variation of active power output of wind farms with respect to frequency 
The power control mainly concerns the top right part of the curve in Figure 6-15 when the 
frequency increases above 50.5 Hz. The reason is that the active power response of wind farms 
to frequency should be such that the power injection in to the grid is limited to frequencies above 
nominal. Furthermore in order to avoid extreme increase in active power within a short period of 
time the active power gradient must be constrained. For example, the German grid code imposes 
the reduction of active power of wind farms when frequency exceeds the value 50.2 Hz with a 
gradient of 40% of the available power of the wind turbines/ Hz. The same can be adopted for 
the Ethiopian wind farms but with the reduction of active power of wind farms when frequency 
exceeds the value 50.5 Hz and the reduction of active power with a gradient of 33.3%. 
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7. Conclusions  
The first two chapters provide, as a general introduction an over-view of the Ethiopian power 
grid to which a number of wind farms are already connected or to be connected soon. It was 
pointed out that the wind condition in the country is favorable enough for significant wind-based 
power generation.  
The integration of wind power to the existing grid introduces new challenges regarding system 
planning and control. The most significant difference regarding the over-all system behavior 
brought about by integration of wind emanates from the uncertainty of the primary energy source 
(wind speed) and its difference from directly coupled synchronous generators. The impact of 
increased wind power (as a share of the overall installed capacity) on the dynamic behavior of 
the Ethiopian power system is the main focus of this thesis. 
In chapter 3 the current state of the art in wind turbine modeling and control concepts are 
thoroughly reviewed - the theoretical insight thus gained is applied in subsequent chapters for 
grid integration studies of the Ethiopian power system. The main objective in deriving suitable 
wind turbine model is to enable the incorporation of wind turbines into the power system 
dynamics simulations and facilitate investigations of their impact on power system dynamics as 
close to the physical reality as possible. However, wind power generation - being still an 
evolving technology - standardized dynamic models are either not yet available or not openly 
accessible for large scale system studies. Moreover, with the current level of penetration of wind 
turbines (i.e. large numbers of wind turbines are involved) the interconnection of all turbines in 
power system dynamics simulation would result in excessive computational effort.  
Therefore, chapter 4 was devoted to develop a dynamic equivalent model (generic model) for 
wind farm and its application for dynamic and transient studies of the Ethiopian power system. It 
is verified by comparing simulation results obtained with a detailed and generic wind farm 
model. It is observed that the generic wind turbine model is simple and accurate enough 
justifying the conclusion that the generic model can be used to represent any wind turbine types 
and the entire wind farms for power system stability analysis. 
The impact of wind power on dynamic and transient stability of the Ethiopian power system is 
presented in chapter 5. The investigations are carried out by using the generic model discussed in 
chapter 4. In the first part of this chapter the impact of wind power penetration level is 
investigated. It was concluded that the impact of wind turbines penetration level on the 
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operational indices was more pronounced in the vicinity of the wind farm but the power angle 
oscillation is seen to propagate throughout the system independent of the location of the wind 
farm. It was also concluded that the critical fault clearing time decreases with an increase in wind 
power level indicating a small degradation system security as the share of wind increases.  
The second part of this chapter deals with the investigation of the effect of large scale wind 
power integration on small signal stability of the Ethiopian power system. Dynamic stability 
investigation is carried out using eigenvalue and eigenvector techniques while transient stability 
study is carried out using time domain simulation. The following conclusions can be deduced 
from these investigations. 
- It is observed that the displacement of conventional synchronous generator to 
accommodate the wind generation has minor effect on the damping of the dominant 
Beles hydropower plant unit (BEL). 
- The investigations conducted on the impact of system load levels with no wind power 
and with maximum wind generation on the damping performance of the system suggests 
that the damping performance of the system is not significantly affected either by the 
level of system load or the amount of wind generation. 
- It is concluded on the basis of the studies that the integration of large scale wind 
generation does not appear to affect the small signal stability on the Ethiopian power 
system. 
However, the conclusions made in this thesis must be treated with care for the reason that with 
unavailability of some actual data standard values are used which in some cases may alter the 
final outcome. 
With the increasing penetration level of wind turbines the need arises to establish a standard 
operating practice such as grid code for wind turbines. Chapter 6 is devoted for wind turbine grid 
code study and proposal for the Ethiopian power system. The first part provides an overview of 
the experiences of few countries which are in leading position in realization of large wind power 
as well as incorporating grid code in their power systems. The second part proposes new 
Ethiopian grid code on the basis of experiences of countries with large wind power generation 
and the results of extensive research and tests carried out in the thesis. 
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